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A c o n s i d e r a b l e  e f f o r t  h a s  been made i n  r e c e n t  y e a r s  t o  f u r t h e r  
t h e  u n d e r s t a n d i n g  o f  t h e  s t r u c t u r e  o f  c o a l  and  t o  a c h i e v e  a funda -  
m e n t a l  u n d e r s t a n d i n g  of  t h e  mechanism of c o a l  l i q u e f a c t i o n .  Many 
models have been pu t  f o r t h  t o  exp la in  or c o r r e l a t e  d a t a  ob ta ined  from 
l i q u e f a c t i o n  e x p e r i m e n t s .  I n  most of t h e s e  s t u d i e s ,  s p e c i e s  a r e  
lumped o r  grouped by s i m i l a r i t y  i n  f o r  example d i s t i l l a t i o n  p r o p e r t i e s  
(1) or  s o l u b i l i t y  c h a r a c t e r i s t i c s  (2) .  However, t h e  mechanism of  c o a l  
l i q u e f a c t i o n  depends n o t  on ly  on o p e r a t i n g  pa rame te r s  such a s  n a t u r e  
of  t h e  donor s o l v e n t ,  t e m p e r a t u r e  and p r e s s u r e  b u t  a l s o  o n  t h e  
c h a r a c t e r i s t i c s  and r ank  o f  t h e  f e e d  c o a l .  C o n s e q u e n t l y ,  k i n e t i c  
models based on t h e  above lumped pa rame te r s  may no t  apply  t o  d i f f e r e n t  
p rocesses  o r  f o r  d i f f e r e n t  f eed  coa ls .  

Neave l ' s  v iew t h a t  t h e  i n i t i a l '  c h e m i c a l  r e a c t i o n s  i n v o l v e  
homolysis t o  y i e l d  f r e e  r a d i c a l s  which a r e  capped by hydrogen from t h e  
donor  s o l v e n t  o r  h y d r o a r o m a t i c  s t r u c t u r e s  i n  t h e  c o a l  ( 3 ) ,  h a s  been 
g e n e r a l l y  a c c e p t e d .  The p r e s e n c e  of  l a b i l e  l i n k a g e s ,  s u c h  a s  e t h e r  
groups,  i n  t h e  l a t t i c e  networks would presumabily has ten  t h e  comminu- 
t i o n  of t h e  c o a l  m a t r i x .  However, t h e  i m p o r t a n c e  of  e t h e r s  i n  t h i s  
r o l e  h a s  been d e m o n s t r a t e d  (4-10) ,  b u t  h a s  n o t  been c o n c l u s i v e l y  
e s t a b l i s h e d .  The p r e s e n c e  of  e t h e r  bonds  i n  c o a l  h a s  been i n f e r r e d  
from a l k a l i  meta l  r educ t ion  s t u d i e s  (11-13) i n  which t h e  p roduc t s  were 
c o n s i d e r a b l y  more s o l u b l e  i n  p y r i d i n e ,  w e r e - o f  a l o w e r  m o l e c u l a r  
w e i g h t  and were of a h i g h e r  p h e n o l i c  c o n t e n t .  S i s k i n  and Acze l  ( 9 )  
c a r r i e d  ou t  a p a r a l l e l  s tudy  on coa l  p y r o l y s a t e s  and model compounds. 
By s e l e c t i v e l y  b l o c k i n g  e x i s t i n g  h y d r o x y l  g r o u p s ,  t h e y  were  a b l e  t o  
de te rmine  t h e  hydroxyl groups which were gene ra t ed  by e t h e r  c l eavage  
du r ing  py ro lys i s .  

We in tend  t o  p r e s e n t  a d d i t i o n a l  evidence a s  t o  t h e  impor tance  of 
e t h e r  c leavage  du r ing  t h e  e a r l y  s t a g e s  of c o a l  l i q u e f a c t i o n  through a 
comparison of d i f f e r e n t  k i n e t i c  ana lyses .  

EXPERIMENTAL 

Deta i l ed  in fo rma t ion  on t h e  expe r imen ta l  p rocedure  were d e s c r i b e d  
p r e v i o u s l y  ( 8 ) .  C h a r a c t e r i s t i c s  of t h e  c o a l s  s t u d i e d  a r e  l i s t e d  i n  
Table 1. The l i q u e f a c t i o n  exper iments  were conducted w i t h  t h e  use of 
tub ing  bomb r e a c t o r s  hea ted  i n  a f l u i d i z e d  bed sand bath.  B a s i c a l l y ,  
c o a l  was h e a t e d  t o  t e m p e r a t u r e s  be tween  350 and 425OC f o r  up  t o  6 0  
m i n u t e s  i n  t h e  p r e s e n c e  of  t e t r a l i n  under  a hydrogen  a t m o s p h e r e .  
F o l l o w i n g  each  e x p e r i m e n t ,  t h e  p r o d u c t s  were  d i s p e r s e d  i n  a l a r g e  
e x c e s s  of  hexane. The hexane  - i n s o l u b l e  m a t e r i a l  was E i l t e r e d ,  

appa ra tus ,  and t h e  t o t a l  conversion t o  s o l u b l e  m a t e r i a l  and gases  was 
c a l c u l a t e d  from t h e  weight  of i n s o l u b l e  r e s idue .  

/' 

r 
I washed and d r i e d .  An a l i q u o t  was e x t r a c t e d  w i t h  THF i n  a S o x h l e t  
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D i r e c t  oxygen de te rmina t ions  were conducted on t h e  c o a l s  and t h e  v 
hexane - i n s o l u b l e  p roduc t s  by us ing  t h e  p y r o l y s i s  mode of t h e  Car lo  
Erba Elemental  Analyzer.  The measured oxygen c o n t e n t s  of  t h e  hexane - 
i n s o l u b l e s  were  r e c a l c u l a t e d  a s  a p e r c e n t a g e  of  t h e  d r  
t o t a l  oxygen was s u b d i v i d e d  i n t o  two componen t s ,  x g t k y l  'Lk! 
unaccounted oxygen, s i n c e  t h e  amount and changes 

OT = OOH + 0 unaccounted 1) 

i n  t h e  c a r b o n y l  g r o u p s  d u r i n g  l i q u e f a c t i o n  a r e  s m a l l  ( 5 ) .  Hydroxyl  
concen t r a t ions  of t h e  v a r i o u s  samples were de te rmined  by a c e t y l a t i o n .  
All of t h e  r e s u l t s  r epor t ed  a r e  averages  of d u p l i c a t e  values.  

We had p r e v i o u s l y  n o t e d  t h a t  t h e  r a t e  o f  c o n v e r s i o n  of t h e  
western c o a l  (PSOC-521) was s lower  than  t h o s e  of t h e  I n t e r i o r  (PSOC- 
767) and Eas te rn  Province  (PSOC-757) coa l s .  Sample d a t a  a r e  given i n  
Tab le  2. The Wyoming c o a l  was a l s o  i n f e r r e d  t o  have  t h e  h i g h e s t  
concen t r a t ion  of e t h e r  groups (7.7 0/100 C atoms) f o r  t h e  t h r e e  c o a l s  
s t u d i e d  ( 8 ) .  I f  e t h e r  c l e a v a g e  i s  a n  i m p o r t a n t  p r o c e s s  i n  t h e  e a r l y  
s t ages  of l i q u e f a c t i o n ,  t h i s  c o a l  should perform wel l .  That it does 
n o t  cou ld  be a c c o u n t e d  f o r  i f  i n  t h i s  c o a l ,  t h e  e t h e r s  c o n s t i t u t e  
m u l t i p l e  c r o s s l i n k s ,  a m a j o r i t y  of which have t o  be c leaved  i n  o rder  
t o  genera te  s o l u b l e  products ,  o r  i f  t h e  e t h e r  l i n k s  f o r  t h i s  c o a l  a r e  
s t a b l e  and do  n o t  r e a c t  o r  a r e  r e l a t i v e l y  s l o w l y  c l e a v e d  under  t h e  
c o n d i t i o n s  used. A more s o p h i s t i c a t e d  k i n e t i c  a p p r o a c h  w i l l  now be  
presented ,  which t a k e s  account of t h e  complex n a t u r e  of c o a l  l i q u e f a c -  
t i o n .  

This approach i s  an adap ta t ion  of t h a t  of Szladow and Given (14) 
i n  which t h e  t h e o r e t i c a l  a n a l y s i s  assumes many p a r a l l e l  r e a c t i o n s  i n  a 
complex r e a c t i n g  m i x t u r e .  G o l i k e r i  and Luss (15) were  t h e  f i r s t  t o  
e s t a b l i s h  a method f o r  de te rmining  t h e  appa ren t  a c t i v a t i o n  ene rg ie s ,  
E ' ,  i n  s y s t e m s  c o m p r i s i n g  many p a r a l l e l  f i r s t  o r d e r  r e a c t i o n s  whose 
a c t i v a t i o n  e n e r g i e s  may be t e m p e r a t u r e  and c o n v e r s i o n  dependent .  
S i n c e  c o n c e n t r a t i o n s  a r e  b a s e d  on m o l a r i t y  r a t h e r  t h a n  mass ,  t h e  
genera t ion  of a c t i v a t i o n  e n e r g i e s  has  l i t t l e  meaning f o r  sys tems such 
a s  coa l  l i q u e f a c t i o n .  Szladow and Given ( 1 4 )  extended t h i s  t r ea tmen t  
f o r  t h e  c a s e  w h e r e  t h e  t o t a l  mass a s  opposed  t o  t h e  t o t a l  number of 
moles  i s  known for t h e  r e a c t i n g  sys t em.  I t  was shown t h a t  E '  c an  be  
der ived  a t  v a r i o u s  convers ion  l e v e l s  of x us ing  equa t ion  2) .  

d l n t ,  Ea 

d ( l / T )  R 
- -  2 )  

tx = time needed t o  ach ieve  a s p e c i f i c  l e v e l  of convers ion  

Ea = t h e  w e i g h t e d  mean of t h e  a c t i v a t i o n  e n e r g y  a t  a s p e c i f i c  
l e v e l  of  conversion. 
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Using t h i s  approach, apparent  a c t i v a t i o n  ene rg ie s  were gene ra t ed  
f o r  conversion t o  THF s o l u b l e s  and f o r  removal of unaccounted oxygen. - 

Since  t h e  unaccounted 0 is de termined  by d i f f e r e n c e ,  a l l  e r r o r s  
i ncu r red  throughout t h e  d t e rmina t ion  of t o t a l  oxygen and 0 as OH end 
up i n  t h i s  te rm.  P l o t s  o f  unaccoun ted  0 remova l  v e r s u s  t i m e  w e r e  
a d j u s t e d  t o  account f o r  t h e  non i so the rma l i ty  of th.e f i r s t  two minu tes  
and f o r  t h e  p r e s e n c e  of  u n c o n v e r t i b l e  e t h e r s ,  1.e. b e n z o l o g u e s  o f  
f u r a n .  Shown i n  f i g u r e  1 i s  a r e p r e s e n t a t i v e  p l o t  f o r  t h e  Wyoming 
coa l .  The coord ina te s  were a d j u s t e d  i n  t h e  fo l lowing  manner: 

o i  - 0, 

Om - 00 

% 0 unaccounted removed = x 1 0 0  3 )  

where 

O i  = unaccounted oxygen removed a t  r e s idence  t ime, 

0, = unaccounted oxygen removed a t  ti = 2 minutes 

Om = maximum unaccoun ted  oxygen removed; t h a t  is, t h a t  p a r t  o f  
t h e  unaccoun ted  0 t h a t  i n  p r i n c i p l e  c o u l d  be  removed a t  
i n f i n i t e  r e a c t i o n  t i m e .  (H igh ly  u n r e a c t i v e  oxygen ,  a s  i n  
f u r a n s ,  is exc luded) .  

ti 

By d e f i n i n g  O m  i n  t h i s  manner,  a s  oppose  t o  0 ( t  = m 1, t h o s e  0 
f u n c t i o n a l i t i e s  t h a t  may b e  gene ra t ed  by r e t r o g r e s s i v e  r e a c t i o n s ,  such  
as c o n d e n s a t i o n  r e a c t i o n s ,  can  be i g n o r e d .  S i n c e  u n a c c o u n t e d  0 
removal was found t o  be l i n e a r l y  r e l a t e d  t o  gene ra t ion  of THF-solubles 
( 8 1 ,  0 was o b t a i n e d  f rom an e x t r a p o l a t i o n  of a l e a s t  s q u a r e s  f i t  o f  
t h e  da?a t o  C C i s  d e f i n e d  as  t h e  s u m  of t h e  r e a c t i v e  m a c e r a l s  
p l u s  one t h i r g ' o f  t%e i n e r t  macera ls  l e s s  f u s i n i t e .  

The apparent  a c t i v a t i o n  energy, E', f o r  d i f f e r e n t  conve r s ion / r e -  
moval l e v e l s  was de te rmined  us ing  equa t ion  2 and f i g u r e  1. The log -  
a r i t h m  of  t h e  t ime  needed  t o  a t t a i n  s p e c i f i c  l e v e l s  o f  r emova l  of 
unaccounted 0 was p l o t t e d  a g a i n s t  t h e  r e c i p r o c a l  of tempera ture .  From 
t h e  s l o p e s  of t h e s e  l i nes  ( E ' / R ) ,  t h e  a c t i v a t i o n  e n e r g i e s  were  
d e t e r m i n e d .  The v a l u e s  f o r  t h e  t h r e e  c o a l s  a r e  p l o t t e d  a g a i n s t  t h e  
l e v e l  of unaccoun ted  0 removed i n  f i g u r e  2 .  E r r o r  b a r s  r e p o r t e d  a s  
t h e  s t anda rd  d e v i a t i o n  of t h e  s l o p e s  of t h e s e  p l o t s  a r e  a l s o  inc luded .  
I t  s h o u l d  be n o t e d  t h a t  E '  i n c r e a s e s  w i t h  l e v e l  of  unaccoun ted  0 
removal. T h i s  i s  c o n s i s t e n t  w i t h  t h e  behavior of r e a c t i n g  mix tu res ;  
namely, t h e  more r e a c t i v e  s p e c i e s  a r e  p r e f e r e n t i a l l y  consumed l e a v i n g  
behind t h e  more r e f r a c t o r y  compounds. 

Apparen t  a c t i v a t i o n  e n e r g i e s  were  g e n e r a t e d  i n  an a n a l o g o u s  
manner f o r  c o n v e r s i o n  of  t h e  t h r e e  c o a l s  t o  THF - s o l u b l e  m a t e r i a l .  
The va lues  f o r  E' a r e  p l o t t e d  a g a i n s t  l e v e l  of convers ion  i n  f i g u r e  3.  
The a s s o c i a t e d  e r r o r  b a r s  a r e  based  on a 9 0 %  c o n f i d e n c e  l e v e l .  I t  
should  be noted t h a t  t h e  l a r g e  e r r o r s  a r e  r e f l e c t i v e  i n  both  c a s e s  of 
fewer d a t a  p o i n t s  a v a i l a b l e  a t  h igher  l e v e l s  of convers ion ,  as w e l l  a s  
t h e  u n c e r t a i n t y  i n  c o n t a c t  t i m e  measurement. 
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I t  i s  s t r i k i n g  t h a t  f o r  any  one  c o a l ,  t h e  p l o t s  of  c o n v e r s i o n  
a g a i n s t  a c t i v a t i o n  e n e r g i e s  f o r  p r o d u c t i o n  o f  THF-solubles ,  and f o r  
removal of unaccounted oxygen a r e  c l o s e l y  s i m i l a r  (w i th in  t h e  l i m i t s  
of e x p e r i m e n t a l  e r r o r ) .  The i m p l i c a t i o n  seems t o  be t h a t  i t  i s  
p r i m a r i l y  e t h e r  c l eavage  p rocesses  t h a t  de t e rmine  t h e  magnitudes of 
t h e  a c t i v a t i o n  e n e r g i e s  f o r  t h e  r e a c t i o n s  gene ra t ing  THF-solubles. 

In  l i g h t  of t h e  estimates of  m a x i m u m  numbers of e t h e r s  c l eaved  i n  
t h e  t h r e e  c o a l s  (8 ) ,  a s  well as t h e i r  a c t i v a t i o n  ene rg ie s  a t  d i f f e r e n t  
c o n v e r s i o n  l e v e l s ,  i t  a p p e a r s  t h a t  t h e  b a s i s  f o r  t h e  Wyoming c o a l ' s  
s l o w e r  c o n v e r s i o n  i s  t h e  need  t o  c l e a v e  a g r e a t e r  number of  l a b i l e  
bonds t o  g e n e r a t e  a s p e c i f i c  l e v e l  of convers ion  t o  s o l u b l e  products .  
The " e t h e r s "  i n  b o t h  t h e  Wyoming c o a l  (PSOC-521) and t h e  Ohio  c o a l  
(PSOC-757) e x h i b i t  a w ide  r ange  of  a c t i v a t i o n  e n e r g i e s  t h a t  a r e  
p a r a l l e l e d  by t h e i r  a c t i v a t i o n  e n e r g i e s  f o r  c o n v e r s i o n  t o  THF- 
so lub le s .  The Oklahoma c o a l  (PSOC-767) con ta ined  t h e  f e w e s t  "e the r s "  
(4.1 0/100 C a t o m s ) ,  and  a l s o  t h e  r a n g e  of  a c t i v a t i o n  e n e r g i e s  f o r  
c l eavage  of t h e s e  was l e a s t  over t h e  l e v e l  considered. Furthermore,  
t h e  change i n  a c t i v a t i o n  energy f o r  o v e r a l l  conversion was a l s o  l e a s t  
f o r  t h i s  coa l .  

I n  v iew of  p r e v i o u s  s t u d i e s  ( 6 ,  9,  1 0 ,  1 6 ,  17)  t h e  unaccoun ted  0 
l o s t  d u r i n g  t h e  e a r l y  s t a g e s  o f  c o a l  l i q u e f a c t i o n  i s  p r o b a b l y  f rom 
s t r u c t u r e s  a n a l o g o u s  t o  pheny l  - b e n z y l  and d i b e n z y l  e t h e r s .  Under 
c o n d i t i o n s  of g r e a t e r  s e v e r i t y  a d d i t i o n a l  s p e c i e s  may be removed o r  
even  added. P h e n o l s  p r e s e n t  (18) o r  g e n e r a t e d  i n  t h e  p r o d u c t s  may 
enhance  t h e  c l e a v a g e  of  d i a r y 1  e t h e r s .  The small  m a g n i t u d e s  of  t h e  
a c t i v a t i o n  e n e r g i e s  a t  low l e v e l s  of  c o n v e r s i o n  a t  f i r s t  s i g h t  seem 
s u r p r i s i n g .  However,  Anthony e t  a l .  (19 )  have  shown t h a t  i n  t h e  
c o m p l e x  s e t  o f  p a r a l l e l  r e a c t i o n s  o c c u r r i n g  d u r i n g  t h e  r a p i d  
d e v o l a t i l i z a t i o n  of c o a l ,  t h e  o v e r a l l  t empera tu re  c o e f f i c i e n t  f o r  t h e  
whole  s e t  of  r e a c t i o n s  c a n  be  low,  and ,  i n  f a c t ,  l o w e r  t h a n  t h e  
a c t i v a t i o n  e n e r g y  f o r  any  p u r e  component  of  t h e  r e a c t i o n  m i x t u r e  
decomposing on i t s  own. In  view of t h e  p o s s i b i l i t y  t h a t  c o a l s  con ta in  
a f a i r l y  high c o n c e n t r a t i o n  of p h y s i c a l l y  t rapped  molecules (20 ) ,  t h e  
p rocesses  involved  i n  l i q u e f a c t i o n  may i n c l u d e  a c t i v a t e d  d i f f u s i o n  out  
of t h e  m a c r o m o l e c u l a r  ne twork .  However, t h i s  c a n n o t  be p roven  f rom 
t h e  a c t i v a t i o n  energy  d a t a  p re sen ted  here. 

CONCLUSIONS 
S i n c e  t h e  Wyoming c o a l  (PSOC-521) h a s  a s l o w e r  c o n v e r s i o n  i n -  

s p i t e  of i ts h ighe r  number of c l e a v a b l e  e t h e r s  (8 )  and its comparably 
low a c t i v a t i o n  e n e r g y  f o r  c o n v e r s i o n  t o  THF-solubles  and f o r  un- 
a c c o u n t e d  0 r e m o v a l ,  i t  i s  i n f e r r e d  t h a t  t h i s  c o a l  i s  e x t e n s i v e l y  
c ros s - l inked  by e t h e r  l inkages .  

S i m i l a r  changes i n  a c t i v a t i o n  e n e r g i e s  were obta ined  w i t h  l e v e l  
o f  t o t a l  c o n v e r s i o n  and  e x t e n t  of unaccoun ted  0 removal  f o r  any  one 
c o a l  up t o  more than  50% conversion. S ince  t h e  removal of unaccounted 
0 c o n s i s t s  of e t h e r  c leavage ,  we i n f e r  t h a t  e t h e r  c leavage  con t inues  
t o  be impor t an t ,  n o t  o n l y  i n  t h e  e a r l i e s t  s t a g e s  of coal l i q u e f a c t i o n .  

i' 

4 



1. 

2. 

3. 

4. 

5 .  

6. 

7. 

8. 

9. 

10. d 

11. 

12. 

13. 

14. 

15. 

16. 

18. 

19. I 
20. I 

) 

Brunson, R. J., Fue l ,  a, 203 (1979). 
Cronauer ,  D. C., Shah ,  Y. T. a n d  R o b e r t s ,  R. G., Ind.  Eng. Chem. 
P r o c e s s  D e s .  Dev., l2, 28, (1978). 

N e a v e l ,  R. C.,  P h i l .  T r a n s .  Roy. Soc. ,  L o n d o n ,  A. IQQ, 141 
(1981). 

C u r r a n ,  G. P., S t r u c k ,  R. T. a n d  G o r i n .  E., I nd .  Eng. Chem., 
Proc.  Des. Dev., dl 166 (1967). 

Szladow, A. J. and Given ,  P. H., P r e p r i n t ,  Amer. Chem. SOC., F u e l  
Chem. Div., 21, 161 (1978). 

Carson, D. W. and I g n a s i a k ,  B. S. ,  Fuel ,  Z I r  757 (1980). 

Kuhlmann, E., B o e r w i n k l e ,  E. a n d  O r c h i n ,  M., F u e l ,  d a r  1002 
(1981). 

Youtcheff,  J. S. and Given, P. H. ,  Fuel ,  U r  980 (1982). 

S i s k i n ,  M.  and Aczel ,  T., Fuel ,  a, 1321 (1983). 
C a s s i d y ,  P. J., Jackson ,  W. R. a n d  L a r k i n s ,  F. P., F u e l ,  62, 1404 
(1983). 

S t e r n b e r g ,  H. W., D e l l e  Donne, C. L., P a n t a g e s ,  P., Moron i ,  E. C. 
a n d  Markby, R. E., F u e l ,  5p,  432 (1971). 

Ignas i ak ,  B. S. and Gawlak, M . ,  Fuel ,  16, 216 (1977). 

Wachowska, H .  and Pawlak, W.r  Fue l ,  s r  422 (1977). 

Szladow,  A. J. a n d  G i v e n ,  P. H., I nd .  Eng. Chem., P roc .  D e s .  
Dev., ZP, 27 (1981). 
Gol ike r i ,  S. V. and Luss.  D., A I C H E  J., U, 277 (1972). 

W h i t e h u r s t ,  D. D., F a r c a s i u ,  M. a n d  M i t c h e l l ,  T. O., Repor t  
prepared fo r  E lec t r i c  Power Research I n s t i t u t e ,  Report No. EPRI- 
AF-4 80. 

B e n j a m i n ,  B. M., Raaen,  V. G., Maupin, P. H., Brown, L. L. a n d  
C o l l i n s ,  C. J., F u e l ,  a, 269 (1978). 
Kamiya, Y.,  Sato,  H. and Yao, T., Fuel ,  52, 681 (1978). 

Anthony, D. B., Howard J. B., H o t t e l ,  H. C. and Meissner, H. P., 
I n :  P r o c e e d i n g s  o f  t h e  1 5 t h  Symposium on Combust ion ,  pp. 1303- 
1317 (1975). 

Bodzek, D. and Marzec, A . ,  Fue l ,  &Q, 47 (1981). 

5 



TABLE 1 

1cs Of c o m  

PSOC NO. 7 57 767 521 

State 

Seam 

ASTM rank class 

C (wt.%, dmmf) 
H (wt.%, dmmf) 
0 (wt.%, dmmf) 
S I  total 
(wt.%, dry basis) 

Maceral composition ( % I  
Vitrinites 
Exini tes 
Inertini tes 

Mean maximum reflec- 
tance of vitrinite (%)  

Mineral matter 
(direct by LTA) (wt.%) 

Ohio 

Ohio 
No. 4 

H V B  

81.3 
5.3 
9.3 

3.39 

75.7 
8.0 

16.4 

0.50 

7.92 

Oklahoma 

(unnamed) 

HVA 

82.1 
5.6 
8.4 

3.55 

91.5 
2.1 
6.4 

0.54 

5.69 

Wyoming 

Rock 
Springs 
No. 7 

HVC 

79.0 
5.2 

13.8 

0.78 

94.2 
1.0 
4.8 

0.52 

4.72 

aIncludes 5.4% semifusinite and 7.3% micrinite. 

n 
50% of dmmf reactive 75% of dmmf reactive 

EsQcJCL s at 4OO0C at 425OC 

521 18.6 44 

7 57 8.0 6.6 

767 7.5 7.4 
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Figure 1. REMOVAL OF UNACCOUNTED OXYGEN FROM WYOMING COAL AS A FUNCTION OF TIME 
(wi th  bansfond cnordinates) 
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Figure 2, "ACTIVATION" ENERGIES FOR THREE COALS AT DIFFERENT LEVELS OF REMOVAL OF UNACCOUNTED OXYGEN 
(a) PSOC-521; (b) PSOC-757; (c) PSOC-767 
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Introduction 

The search for a model substrate to use in evaluating relative 
reactivity of H-donors, under coal liquefaction conditions has led to 
this study of o-terphenyl. 

The stability of biphenyl, terphenyls, quaterphenyls, and 
polyphenyls in the absence of H-donors has been demonstrated by their 
high bond dissociation energies between aromatic rings (r, 2) .  
Therefore, they have practical application as coolant moderators in 
nuclear power plants (2). This stability is gained in part from the 
orbital overlap of the carbon atoms in the interannular C-C bond. The 
melting point of p-terphenyl is 2OE0C, and of hexiphenyl is 469OC. 
Their UV absorption at 278 and 318 nanometers, respectively, are 
indications of the increased stability as the number of benzene rings 
increases and resonance stabilization increases. The thermal 
temperature (defined as the temperature flO'C at which decomposition 
rate is 1 mole % per hour) for m-terphenyl was 485'C and for the p- 
isomer was 478" (3) .  The same workers studying the problem of 
polymerization of polyphenyls and its control in nuclear power plants 
found one solution to the build up of the high molecular weight 
polymers. Reclamation by catalytic hydrocracking to reduce molecular 
weight in every case lowered the decomposition temperature to 320'- 
4OO0C due to formation of 20% methylated and ethylated products. 

Reaction of polyphenyls under coal liquefaction conditions has 
been reported (4) .  The compound o-terphenyl (OTP) was found to couple 
irreversibly to form the very thermally stable triphenylene in the 
presence of an H-donor without a catalyst. Formation of different 
amounts of triphenylene with different H-donors suggested that o- 
terphenyl was a good candidate as a model substrate for study of the 
relative abilities of H-donors to react. Two other model substrates, 
1,l'-binaphthyl (2) and dibenzo(c,g)phenanthrene (L),  were also found 
to couple at different rates indicating they, too, would be possible 
substrates which could be used to differentiate the effectiveness of 
H-donors. Dibenzo(c,g)phenanthrene was difficult to prepare, and it 
coupled in the absence of H-donor and gave other hydrogenated isomers 
without coupling. o-Terphenyl formed extremely small amounts of 
coupled product compared to 1,l'-binaphthyl; consequently, the latter 
was judged to be the best model substrate of the three compounds to 
use in studying the effect of H-donors on the coupling reaction. 

A n  unexpected result in the reaction of o-terphenyl and H-donors 
without catalyst was the large production of biphenyl. A s  much as 60% 
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c l e a v a g e  r e a c t i o n  t o  y i e l d  b i p h e n y l  was o b s e r v e d  w h i l e  c o u p l i n g  
r e a c t i o n  t o  y i e l d  t r i p h e n y l e n e  was a l w a y s  l e s s  t h a n  5 % .  The  r a t e s  o f  
b i p h e n y l  f o r m a t i o n  v a r i e d  w i t h  t h e  p a r t i c u l a r  H-donor  u s e d ,  s u g g e s t i n g  
t h a t  t h i s  c l e a v a g e  r e a c t i o n  c a n  be u s e d  t o  c o m p a r e  r e a c t i v i t y  o f  H- 
d o n o r s  a t  h i g h  t e m p e r a t u r e s .  T h i s  p a p e r  d i s c u s s e s  r e s u l t s  o f  c l e a v a g e  
r e a c t i o n  s t u d i e s  w i t h  o - t e r p h e n y l .  

Results and Discussion 

A l l  r e a c t i o n s  were c a r r i e d  o u t  in 1 / 2 "  G y r o l o k ,  P a r k e r ,  o r  S w a g e l o k  
u n i o n s .  E q u i m o l a r  a m o u n t s  o f  H-donor  a n d  o - t e r p h e n y l  w e r e  a d d e d  t o  
t h e  r e a c t i o n  v e s s e l .  I t  was  f i l l e d  w i t h  b e n z e n e  s o l v e n t ,  a n d  s e a l e d  
w i t h o u t  a d d i t i o n  o f  a g a s .  The r e a c t o r  w a s  t h e n  p l a c e d  in a f l u i d i z e d  
s a n d  b a t h  c o n t r o l l e d  a t  470f2'C. A n a l y s e s  o f  t h e  r e s u l t i n g  p r o d u c t  
m i x t u r e s  w e r e  c a r r i e d  o u t  on a g a s  c h r o m a t o g r a p h  p r o g r a m m e d  75*-300° 
a t  15'/min, 6 '  x 2 m m  I D  D e x s l l  300 c o l u m n .  

T h e  d e t e r m i n a t i o n  of  k i n e t i c  r a t e  c o n s t a n t s  p r o v i d e d  some  i n s i g h t  
i n t o  t h e  m e c h a n i s m  o f  t h e  r e a c t i o n .  R e a c t i o n s  w e r e  r u n  f o r  1 ,  2 ,  3 ,  
4 ,  a n d  5 h o u r s  w i t h  e q u i m o l a r  a m o u n t s  o f  s e v e r a l  m o d e l  H - d o n o r s  t h a t  
w e r e  a b l e  t o  w i t h s t a n d  t h e  s e v e r e  c o n d i t i o n s .  M a s s  b a l a n c e  was 
o b t a i n e d  i n  m o s t  c a s e s  a c c o u n t i n g  f o r  b o t h  H-donor  a n d  o - t e r p h e n y l .  
T h e  a p p e a r a n c e  o f  t r i p h e n y l e n e  a n d  b i p h e n y l  w e r e  f i t t e d  t o  b o t h  f i r s t  
o r d e r  a n d  a u t o c a t a l y t i c  r a t e  e x p r e s s i o n s .  T h e  b e s t  f i t  f o r  t h e  
a p p e a r a n c e  o f  t r i p h e n y l e n e  was t h e  a u t o c a t a l y t i c  r a t e  e x p r e s s i o n ;  
h o w e v e r ,  t h e  f i r s t  o r d e r  e x p r e s s i o n  c o r r e l a t e d  n e a r l y  a s  w e l l .  The  
f o r m a t i o n  o f  b i p h e n y l  a p p e a r e d  t o  f i t  t h e  p s e u d o  f i r s t  o r d e r  r a t e  
e x p r e s s i o n .  T h e  r e s u l t i n g  y i e l d s  a n d  r a t e  c o n s t a n t s  f o r  t h e  v a r i o u s  
H - d o n o r s  w i t h  o - t e r p h e n y l  t o  f o r m  t r i p h e n y l e n e  a n d  b i p h e n y l  a r e  shown  
in T a b l e  I .  

T h e  r a t e  c o n s t a n t s  f o r  t h e  f o r m a t i o n  o f  t r i p h e n y l e n e  w i t h  
d i f f e r e n t  H - d o n o r s  o v e r  f i v e  h o u r s  c o m p a r e d  r e l a t i v e l y  w e l l  w i t h  t h e  
o n e - h o u r  y i e l d  d a t a .  H y d r o g e n a t e d  h e t e r o c y c l e s  s u c h  a s  
t e t r a h y d r o q u i n o l i n e  w e r e  t o o  t h e r m a l l y - u n s t a b l e  t o  s t u d y  u n d e r  t h e s e  
c o n d i t i o n s .  T h e  f a c t  t h a t  t r i p h e n y l e n e  a n d  b i p h e n y l  f o r m a t i o n  f i t  
d i f f e r e n t  r a t e  e x p r e s s i o n s  w a s  s i g n i f i c a n t .  T h e  a u t o c a t a l y t i c  
f o r m a t i o n  of  t h e  c o u p l e d  p r o d u c t  ( t r i p h e n y l e n e  f r o m  OTP) s u g g e s t e d  
t h a t  a n o t h e r  s p e c i e s  ( p e r h a p s  t h e  h y d r o g e n a t e d  i n t e r m e d i a t e )  was 
i n v o l v e d  i n  t h e  c o u p l i n g .  A s  t h i s  s p e c i e s  was g e n e r a t e d  more c o u p l i n g  
o c c u r r e d .  

A r a d i c a l  c a p p i n g  m e c h a n i s m  d i d  n o t  e x p l a i n  t h e  k i n e t i c s  d a t a .  
R a t h e r ,  c o u p l i n g  o f  t h e  o - t e r p h e n y l  by i n d u c t i o n  b y  a s e c o n d a r y  H- 
d o n o r  s e e m e d  m o r e  j u s t i f i a b l e .  T h e  9,lO-dihydrophenanthrene 
d e c o m p o s e d  t o  a v e r y  s m a l l  c o n c e n t r a t i o n  w i t h i n  o n e  h o u r  (i), y e t  
t r i p h e n y l e n e  c o n t i n u e d  t o  i n c r e a s e .  E v e n  i n  t h e  c a s e  of t e t r a l i n  
w h i c h  d e c o m p o s e d  a t  a c o n s t a n t  r a t e ,  t h e r e  a p p e a r e d  t o  b e  
a u t o c a t a l y t i c  f o r m a t i o n  o f  t h e  c o u p l e d  p r o d u c t .  

A n o t h e r  way t o  i n v e s t i g a t e  t h e  m e c h a n i s m  w a s  t o  s t u d y  t h e  
d i f f e r e n c e s  a n d  s i m i l a r i t i e s  o f  r e a c t i o n s  o f  t h e  i s o m e r i c  
t e r p h e n y l s .  S i n c e  c l e a v a g e  was i n v o l v e d ,  t h e  o r t h o - i s o m e r  h a d  n o  
p r e d i c t a b l e  a d v a n t a g e  a s  a m o d e l  s u b s t r a t e .  Two o f  t h e  i s o m e r s ,  m- 
t e r p h e n y l  a n d  o - t e r p h e n y l  w e r e  r e a c t e d  w i t h  o n e  H - d o n o r ,  t e t r a l i n ,  f o r  
1 ,  2 ,  5 ,  4 ,  a n d  5 h o u r s ,  a n d  t h e  p r o d u c t s  w e r e  a n a l y z e d  by  t h e  u s u a l  
m e t h o d .  p - T e r p h e n y l  w a s  f o u n d  t o  be q u i t e  i n s o l u b l e  i n  m o s t  s o l v e n t s  
a n d  r e a c t i o n  t i m e s  o f  1 ,  3 ,  a n d  5 h o u r s  w e r e  s e l e c t e d .  The  r e s u l t s  
a r e  s u m m a r i z e d  i n  T a b l e  11. 

One d e u t e r a t e d  H-donor  9 , 9  ,IO ,10-d4-9,10-dihydrophenanthrene was 
r e a c t e d  f o r  t h r e e  h o u r s  w i t h  o - t e r p h e n y l  i n  b e n z e n e .  The  t e n d e n c y  

T 

t o w a r d  r a n d o m  s c r a m b l i n g  f r o m  t h e  d e u t e r a t e d  H-donor  t o  t h e  p r o d u c e d  I 
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b i p h e n y l  was s t u d i e d  b y  r e a c t i n g  t h e  d e u t e r a t e d  H - d o n o r  w i t h  b i p h e n y l  

e x c h a n g e ,  no c l e a r  c u t  m e c h a n i s t i c  i n f o r m a t i o n  was o b t a i n e d .  
The  a p p l i c a t i o n  o f  t h i s  r e a c t i o n  o f  o - t e r p h e n y l  t o  d e t e r m i n e  

r e l a t i v e  r e a c t i v i t y  o f  c o a l - d e r i v e d  l i q u i d s  was s t u d i e d  by  r e a c t i n g  
e q u a l  w e i g h t s  o f  o - t e r p h e n y l  a n d  v a r i o u s  s t a r t  up  a n d  c o a l - d e r i v e d  
r e c y c l e  s o l v e n t s  p r o d u c e d  in t h e  U N D  E n e r g y  R e s e a r c h  C e n t e r  c o n t i n u o u s  
p r o c e s s  c o a l  l i q u e f a c t i o n  p i l o t  p l a n t .  T h e  l i q u i d s  u s e d  w e r e  f r o m  t h e  
e n d s  o f  r u n s  w h i c h  h a d  u n d e r g o n e  s e v e r a l  r e c y c l e  p a s s e s  i n  a r e d u c i n g  
a t m o s p h e r e ,  a n d  w h i c h  h a v e  b e e n  w e l l  c h a r a c t e r i z e d  (a). The  r e s u l t s  
o f  t h e  r e a c t i o n s  a r e  s u m m a r i z e d  i n  T a b l e  111. T h e  v a l u e s  o f  b i p h e n y l  
p r o d u c e d  w e r e  o b t a i n e d  by t h e  d i f f e r e n c e  o f  t h e  b i p h e n y l  a f t e r  
r e a c t i o n  a n d  t h e  i n i t i a l  a m o u n t  of b i p h e n y l  i n  t h e  c o a l  l i q u i d .  

The  u n i q u e  f e a t u r e  i n  t h e  t h r e e  h o u r  o - t e r p h e n y l  r e a c t i o n s  w a s  
t h e  f o r m a t i o n  o f  b i p h e n y l  i n  s i g n i f i c a n t  q u a n t i t i e s  i n  most c a s e s  a n d  
in d i f f e r i n g  a m o u n t s  s h o w i n g  d i f f e r e n c e s  in t h e  a b i l i t y  o f  t h e  
s o l v e n t s  t o  a f f e c t  t h i s  c l e a v a g e .  One t h i n g  n o t i c e a b l y  d i f f e r e n t  i n  
r u n n i n g  t h e s e  r e a c t i o n s  was t h e  s m a l l  a m o u n t  of  g a s  p r e s s u r e  in t h e  
r e a c t o r  a t  t h e  e n d  o f  t h e  r e a c t i o n  c o m p a r e d  w i t h  t h e  h y d r o g e n a t e d  
m o d e l  H - d o n o r s .  

I n  summary ,  o - t e r p h e n y l  c o u p l e s  i n  t h e  p r e s e n c e  oE m o d e l  H - d o n o r s  
a n d  many c o a l  d e r i v e d  s o l v e n t s  t o  f o r m  t r i p h e n y l e n e ,  a n d  f o r m s  
b i p h e n y l  by c l e a v a g e .  T h e  l a t t e r  r e a c t i o n  i s  o f  more  i n t e r e s t  as  t h e  
y i e l d s  a r e  s u b s t a n t i a l ,  a n d  t h e  y i e l d s  h a v e  a p p l i c a t i o n  t o  t h e  s t u d y  
o f  p r o p e r t i e s  o f  s o l v e n t s .  A t t e m p t s  t o  e l u c i d a t e  t h e  m e c h a n i s m  
i n v o l v e d  k i n e t i c  s t u d i e s ,  a n d  r e a c t i o n  w i t h  a d e u t e r a t e d  H - d o n o r .  T h e  
b e s t  m e c h a n i s m  a p p e a r s  t o  b e  t h a t  in w h i c h  t h e  l o w  s t e a d y - s t a t e  
c o n c e n t r a t i o n  o f  r e a c t i v e  H-donor  a t t a c k s  e i t h e r  i p s o  p o s i t i o n  i n  o -  
t e r p h e n y l  f o l l o w e d  by c l e a v a g e  (L). T h i s  m e c h a n i s m  is known t o  o c c u r  
a t  h i g h  t e m p e r a t u r e s .  

L i t e r a t u r e  C i t e d  

I u n d e r  t h e  same c o n d i t i o n s  i n  a s e p a r a t e  e x p e r i m e n t .  Due t o  e x c e s s i v e  

1 .  

2 .  
3 .  

4. 

5 .  

6 a .  

b.  

C .  
7 .  

S t r e i t w e i s e r ,  J r . ,  Andrew;  a n d  H e a t h c o c k ,  C l a y t o n  H. 
" I n t r o d u c t i o n  t o  O r g a c i c  C h e m i s t r y , "  2nd  e d . ,  M c M i l l a n  P u b l i s h i n g  
Co . ,  I n c . ,  1 1 9 4  ( 1 9 8 1 ) .  
V e r n o n ,  L o n n i e  W .  Fuel. 2, 1 0 2  ( 1 9 8 0 ) .  
S c o l a ,  D a n i e l  A . ;  a n d  Adams ,  J r . ,  J o h n  S .  I n d .  Eng .  Chem. P r o d .  
R e s .  D e v e l o p . ,  c, 417  ( 1 9 7 1 ) .  
K l i n e ,  E u g e n e  A . ;  a n d  F a r n u m ,  B r u c e  W .  A m .  Chem. S O C .  D l v .  F u e l  
Chem. P r e p r i n t s ,  28, 155  ( 1 9 8 3 ) .  
K l i n e ,  E u g e n e  A.; H a r r i s o n ,  Mark E.; a n d  F a r n u m ,  B r u c e  W .  A m .  
Chem. S O C .  D i v .  F u e l  Chem. P r e p r i n t s ,  27,  1 8  ( 1 9 8 2 ) .  
F a r n u m ,  S y l v i a  A . ;  F a r n u m ,  B r u c e  W . ;  B i t z a n ,  Edward  F . ;  W i l l s o n ,  
W a r r a c k  G .  a n d  B a k e r ,  G e n e  G .  F u e l  2, 7 9 9 ( 1 9 8 3 ) .  
Q u a r t e r l y  T e c h n i c a l  P r o g r e s s  R e p o r t  DOE/FC/QTR 82/2 ( D E 8 3 0 1 3 3 8 3 )  
G r a n d  F o r k s  E n e r g y  T e c h n o l o g y  C e n t e r ,  G r a n d  F o r k s ,  N D  ( 1 9 8 3 ) .  
Runs  1 0 1  a n d  1 0 3 ,  U n p u b l i s h e d  R e s u l t s ,  U N D E R C .  
M c M i l l a n ,  D o n a l d  F. ;  O g l e r ,  W a l t e r ;  C h a n g ,  S o u - j e n ;  F l e m i n g ,  
R o n a l d  H . ;  a n d  M a l h o t r a ,  R i t u d a m i n .  P r o c e e d i n g s  o f  I n t e r n a t i o n a l  
C o n f e r e n c e  o n  C o a l  S c i e n c e ,  P i t t s b u r g h ,  P A ,  A u g u s t  1 5 - 1 9 ,  1 9 8 3 ,  
p p .  1 9 9 - 2 0 3 .  
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Table I. Results of Reactions of H-Donors 
and o-Terphenyl 

Triphenylene* 
Yield k /sec) 

( X I 0  s 1 H-Donor 

Blank 0.1 -- 
1,2,3,4-detrahydro- 

naphthalene 2.9% 7.2 

1.2-Dihydronaph- 
thalene 2.7 -- 

1.4-Dihydronaph- 
thalene 2.5 6.4 

Fluorene 2.9 1 .6 

Indane 7.1 9 .a 
Indene 3.7 a .5 

9 ,IO-Dihydrophen- 
anthrene 3.2 7 .o 

9,lO-Dihydroan- 
thracene 1 .o 3.3 

Biphenyl** 
Yield k$/sec) 

( Y l O  1 

-- 3 x  

60 1.9 

5 4  1.3 

4 1.3 

60 1 . 4  

3 0  2.5 

4 6  1 .a 

3 4  2.6 

4 7  1.6 

*Triphenylene/initial OTP (one hour reaction) 
(autocataly t ic) 

(Pseudo first order) 
**Biphenyl/initial OTP (five hours reaction) 
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*Modelled pseudo-first order as best fit. 

T a b l e  11. Results of Reactions of the T e r  henyls w i t h  
Tetralin at 47OoC (rate constants - x 10' m l n  - ' )  

0-Terphenyl m-Terphenyl* p-Terphenyl* 

k = 2  .O k ~ 2 . 4  k - 2  .O 
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T a b l e  111. R e s u l t s . o f  R e a c t i o n s  o f  C o a l  D e r i v e d  
L i q u i d s  w i t h  o - T e r p h e n y l  a t  47OoC f o r  3 H o u r s  

C o a l  
D e r i v e d  
S c l v e n t  

101PB21 

101PB40 

6 7 P B 2 3  

64PB25 

6 5 P B 2 3  

53PB18 

P r o j e c t  
L i g n i t e  
R e c y c l e  
S o l v e n t  

C r o w l e y  
A04 

SCR M i d .  
D i s t .  

Z a p ,  N D  l i g n i t e ,  p a s s  1 2 ~  

Z a p ,  N D  l i g n i t e ,  p a s s  40' 

6 8 %  

37 

Wyodak S u b b i t u m i n o u s ,  p a s s  l Z a  5 

B i g  Brown-Texas  l i g n i t e , a  
p a s s  1 3  67 

B e u l a h ,  N D  l i g n i t e ,  1 2  p a s s e s a  67 

P o w h a t a n  B i t u m i n o u s ,  p a s s  l a a  38  

Z a p ,  ND l i g n i t e ,  U N D  PDU 2 8  

T y p i c a l  A n t h r a c e n e  O i l  

F o r t  L e w i s  P i l o t  P l a n t  
( P o w h a t a n  c o a l )  

1 3  

25 

a ) R e c y c l e  s o l v e n t s  f r o m  t h e  U n i v e r s i t y  o f  N o r t h  D a k o t a  
E n e r g y  R e s e a r c h  C e n t e r  c o n t i n u o u s  p r o c e s s  u n i t .  
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ARYLATIONS OF COAL MODEL SYSTEMS 

Barbara F. Smith, Clifford G. Venier, and Thomas G. Squires 

Applied Organic Chemistry, 
Energy and Mineral Resources Research Institute, 

Iowa State University, Ames, Iowa 50011 

Currently, coal is converted to clean liquids or low melting 
solids by processes which utilize high temperature, high pressure, or 
both. These processes occur by thermal bond cleavages and involve the 
intermediacy of free radicals. In a search for chemistry which could 
liquefy coal under milder conditions, we have focussed on thermally 
less demanding ionic reactions. 

Of the functional groups which commonly occur in coals, ethers 
are the easiest to cleave under acid conditions. Depending on the 
density of these linkages and their importance as crosslinks in the 
macromolecular structure of coals, solubilization might be greatly 
enhanced solely by cleaving and capping ether bonds. Benzylic ethers 
are particularly reactive and have been implicated in the initiation 
of coal pyrolysis(1) and hydropyrolysis(2). Arylation, the use of 
acids to cleave bonds in coals in the presence of aromatic rings to 
trap the consequent incipient carbonium ions, has a long history(3). 
The most extensively studied system is the Heredy-Neuworth phenol 
depolymerization ( 4 )  . 

We have chosen to use benzyl phenyl ether and 1-naphthylmethyl 
phenyl ether and polymers related to them as models to develop and 
evaluate the chemistry involved in the arylations. 

RESULTS 

Arylmethyl phenyl ethers undergo competing reactions when treated 
with Lewis acids. A partitioning of arylmethyl groups between an 
intramolecular process (a rearrangement) and an intermolecular one can 
be seen in Table 1. The fact that the rearranged product is over- 
whelmingly the ortho isomer is consistent with the intramolecular 

,’ 
Acid 

Ph-H 
PhCH2-OPh- PhCH2-Ph + HOPh + 

-./ nature of the rearrangement(5). Regardless of the choice of acid or 
temperature, essentially one-half of the starting phenylmethyl phenyl 
ether, 1, ends up as rearranged product. Table 2 shows that generally 
the same result holds for 1-naphthylmethyl phenyl ether, 4. However, 
a previously unrecognized complication shows up in the products of the ’ acid-catalyzed reaction of 4. 
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D e s p i t e  t h e  f a c t  t h a t  s o l v e n t  b e n z e n e  i s  i n  g r e a t  e x c e s s ,  s u b -  
s t r a t e  o r  p r o d u c t  o r  b o t h ,  e f f e c t i v e l y  c o m p e t e  f o r  t h e  l - n a p h t h y l -  
methyl  moiety.  c a p i l l a r y  gc-ms r e v e a l s  t h a t  a t  least  f i v e  p r o d u c t s  of 
m o l e c u l a r  w e i g h t  3 7 4  a r e  p r o d u c e d  i n  t h e s e  r e a c t i o n s .  T h i s  c o r r e -  
sponds t o  s t r u c t u r e s  c o n t a i n i n g  t w o  1-naphthylmethyl  g roups  and one 
p h e n o l .  T h e s e  p r o d u c t s  c a n  a r i s e  by s u b s t r a t e  c a p t u r e  o f  a 1- 
naph thy l -me thy l  f o l l o w e d  by e the r - to -pheno l  r e a r r a n g e m e n t  o r ,  a l t e r n a -  
t i v e l y ,  by  c a p t u r e  o f  1 - n a p h t h y l m e t h y l  by p r o d u c t s  5. Even u n d e r  
c o n d i t i o n s  w h e r e  t h e  m o l a r  r a t i o  o f  b e n z e n e  t o  s t a r t i n g  m a t e r i a l  

OH 

A r C H 2  -& C H 2 A r  

21 i somers  p o s s i b l e  6 i somers  p o s s i b l e  

e x c e e d s  1 0 0 0 ,  a s i g n i f i c a n t  number  of p r o d u c t  m o l e c u l e s  d e r i v e  f r o m  
more t h a n  o n e  molecule o f  s t a r t i n g  e t h e r .  

I f  s u b s t r a t e  a n d / o r  p r o d u c t s  c a n  t r a p  t h e  e l e c t r o p h i l i c  1- 
naph thy lme thy l  s p e c i e s  w i t h  such  e f f i c i e n c y ,  it s t a n d s  t o  r e a s o n  t h a t  
o t h e r  a r o m a t i c  compounds  w i l l  l i k e l y  b e  b e t t e r  t h a n  b e n z e n e  a lso.  
Table  3 shows d a t a  d e m o n s t r a t i n g  t h a t  t h i s  i s  t h e  case. The f a c t  t h a t  
t h e  re la t ive  ra te  c o n s t a n t  measured f o r  t h e  naphthalene-benzene compe- 
t i t i o n  r e m a i n s  c o n s t a n t  ove r  a 100- fo ld  change  i n  n a p h t h a l e n e  concen- 
t r a t i o n ,  c o n f i r m s  t h a t  t h e  c h a n g e  i n  p r o d u c t  s l a t e  a r i s e s  by  t h e  
s i m p l e  p a r t i t i o n i n g  o f  a n  i n t e r m e d i a t e  b e t w e e n  t h e  t w o  t r a p s .  The 
s t r a i g h t f o r w a r d  b e h a v i o r  of t h e  sys t em was f u r t h e r  checked by a l l o w i n g  
d i p h e n y l e t h e r  a n d  2 , 6 - d i m e t h y l p h e n o l  t o  c o m p e t e  d i r e c t l y .  The r a t e  
c o n s t a n t s  d e t e r m i n e d  when t h r e e  t r a p s  a r e  p r e s e n t  a r e  s e n s i b l y  t h e  
same as t h o s e  found  i n  b i n a r y  c o m p e t i t i o n  (see l a s t  l i n e  o f  Tab le  3 ) .  

One wou ld  e x p e c t  t h e  same  s o r t  of b e h a v i o r  f o r  t h e  t r a p p i n g  o f  
i n t e r m e d i a t e s  g e n e r a t e d  from i n s o l u b l e  materials. Naphthalene should 
b e  a s u b s t a n t i a l l y  b e t t e r  capp ing  a g e n t  t h a n  benzene. The r e s u l t s  of 
t h e  BF3-catalyzed a r y l a t i o n s  o f  polymer 9 w i t h  benzene,  naph tha lene ,  
o r  phenan th rene  as  t r a p s  i n  CH2C1,2 s o l v e n t  are g i v e n  i n  T a b l e  4 ,  a long  
w i t h  t h e  r e s u l t s  f rom some r e a c t i o n s  c a r r i e d  o u t  i n  benzene s o l v e n t .  

Of p a r t i c u l a r  i m p o r t a n c e  i s  t h e  f a c t  t h a t  t h e  s o l u b i l i t i e s  of 
p r o d u c t s  g e n e r a t e d  i n  t h e  p r e s e n c e  of n a p h t h a l e n e  a n d  p h e n a n t h r e n e  
d i f f e r  markedly from t h a t  produced by BF3 t r e a t m e n t  a l o n e .  I n f r a r e d  
s p e c t r a  c l e a r l y  e s t a b l i s h  t h a t  t h e  e t h e r  f u n c t i o n s  p r e s e n t  i n  t h e  
s t a r t i n g  polymer a re  no l o n g e r  p r e s e n t  i n  t h e  p roduc t s .  Apparent ly ,  
i n  t h e  a b s e n c e  o f  a t r a p ,  p o l y m e r  9 i s  c o n v e r t e d  t o  a new p o l y m e r ,  
whose s t r u c t u r e  i s  b e s t  a p p r o x i m a t e d  as 1 0 ,  e q u a t i o n  2 ,  a l t h o u g h  w e  
r e c o g n i z e  t h a t  s u b s t a n t i a l  amounts  o f  i n t e r c h a i n  c r o s s l i n k i n g  might 
o c c u r .  The e n h a n c e d  s o l u b i l i t y  i n  t h e  p r e s e n c e  of a r e n e ,  t h e r e f o r e ,  
s i g n a l s  t h e  l o w e r i n g  of  molecu la r  we igh t  by c a p p i n g  r e a c t i o n s ,  equa- 
t i o n  3 .  

HO 

+&CH2-O@0-CH2 j - 4&H2@CH2 OH j ( 2 )  

9 10 
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DISCVSSION 

The results reported here are best interpreted on the basis of a 
model in which carbonium ions generated from arylmethyl phenyl ethers 
are partitioned between the various nucleophiles present. In this 
system, aromatic rings are the most nucleophilic functional groups. 
The 1-naphthylmethyl cation is much more stable than is the simpler 

AriH 
(4) 

9F3 PhO-CH2Ar - PhOBFS + ArCH; -bArCH2Ar 

benzyl cation, and, consequently, much more selective in its reac- 
tivity(6). Thus, in the case of benzyl phenyl ether, 1, solvent 
benzene effectively traps all generated carbonium ions. However, the 
more stable 1-naphthylmethyl cation generated from 4 ,  is sufficiently 
stable to discriminate between the poorly nucleophilic benzene and the 
more nucleophilic molecules, 4 and 5 .  Naphthalene, on the other hand, 
is much more nucleophilic than benzene(7), and in sufficient concen- 
tration, suppresses "self-trapping". 

The same picture emerges from work with polymer 9. Apparently, 
benzene is insufficiently reactive to compete with intramolecular 
(intrapolymer) nucleophiles and, consequently, no increase in solu- 
bility accompanies the cleavages of ether links in 9 upon addition of 
benzene. When better nucleophiles, naphthalene and phenanthene, are 
provided, carbonium ions generated from ether cleavages are capped and 
the product is lower in molecular weight and more soluble. 

It is worth noting that the naphthalene (k = 2 8 0 )  is nearly as 
good a trap as the phenol (krel=450). Since hydr&iylic solvents will 
level the acid strength of BF3 to that of ROBF3-Ht and hydrocarbons 
would not, the acid-catalyzed bond cleavages necessary for unlinking 
coal may in fact be faster in BF3-arene than in BF3-phenol. While we 
have not yet extended these results to coals, we believe that the 
combination of a relatively mild Lewis acid catalyst, BF3, with a good 
carbonium ion trap, naphthalene, will allow selective cleavage and 
capping of aryl alkyl ether bonds. 

EXPERIMENTAL 

J All gas chromatographic (GC) analyses were performed on a Tracor 
model 550 gas chromatograph with flame ionization dectector; glass 
columns were 6'x4mm and 6'x2mm, packed with 3 %  OV-1 or OV-101 on 80- 
100 mesh supelcoport, respectively. Columns were held at 80°C for 2 
min. and then the temperature raised to 275OC at 2S0/min and held for 
10 min (benzyl phenyl ether reactions) or initially held at 120' and 
the temperature raised to 200° at 5O/min and held for 10 min (1- 
naphthylmethyl phenyl ether reactions). Peak areas were integrated by 
the "cut and weigh" method. NMR spectra were obtained on a Varian EM 
360, IRspectra onaBeckman IR-4230 andGC-Mass Spectraon a Finnigan 

' 
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4023. L i q u i d  c h r o m a t o g r a p h i c  a n a l y s e s  w e r e  c a r r i e d  o u t  on  a V a r i a n  
5000 LC w i t h  a V a r i a n  UV-50 d e t e c t o r  a t  270 nm. 

Benzyl pheny l  e t h e r  and 1 -naph thy lme thy l  phenyl e t h e r  were pre-  
p a r e d  by r e a c t i o n  of  p h e n o x i d e  i o n  w i t h  t h e  r e q u i s i t e  h a l i d e ,  and 
p u r i f i e d  by r e c r y s t a l l i z a t i o n .  The p o l y m e r  9 h a s  b e e n  p r e v i o u s l y  
d e s c r i b e d  ( 8 )  . 
R e a c t i o n  o f  A r y l m e t h y l  P h e n y l  E t h e r s  w i t h  L e w i s  A c i d s  i n  Benzene. 
Gene ra l  P rocedure  

The a r y l m e t h y l  p h e n y l  e t h e r ,  i n t e r n a l  s t a n d a r d  ( h e x a d e c a n e  o r  
d o d e c a n e )  and  t r a p p i n g  a g e n t s  ( n a p h t h a l e n e ,  2 , 6 - d i m e t h y l p h e n o l  o r  
d i p h e n y l e t h e r )  when used ,  were p l a c e d  i n  a d r y  f l a s k  and d i s s o l v e d  i n  
benzene t h a t  had been  d r i e d  by a z e o t r o p i c  d i s t i l l a t i o n  and s t o r e d  over  
4A m o l e c u l a r  s ieves .  L e w i s  Ac id  ( B F  BP3-Cii30H o r  AiBr j w a s  t h e n  
added as a d i l u t e  benzene s o l u t i o n  o r  i j r e c t l y  t o  t h e  r e a c t i o n  mix tu re  
a t  room t e m p e r a t u r e .  A l i q u o t s  were r emoved  a t  t i m e d  i n t e r v a l s ,  
quenched w i t h  w a t e r ,  and d i l u t e d  f o r  LC a n d / o r  GC a n a l y s i s .  

Reac t ion  of Polymer 9 w i t h  Arenes Ca ta lyzed  L e w i s  Acids  

T o  a d r y  f l a s k  o u t f i t t e d  w i t h  a m a g n e t i c  s t i r r e r  was p l a c e d  
p o l y m e r ,  9 ,  d r y  s o l v e n t  ( b e n z e n e  o r  m e t h y l e n e  c h l o r i d e ) ,  a n d  t r a p  
( n a p h t h a l e n e  o r  p h e n a n t h r e n e )  when u s e d .  L e w i s  a c i d  w a s  a d d e d ,  i n  
most c a s e s ,  as a d i l u t e  s o l u t i o n  o r ,  i n  a few r u n s  w i t h  BF a s  a gas.  
The h e t e r o g e n e o u s  m i x t u r e  was s t i r r e d  f o r  t h e  i n d i c a t e d  lime a t  t h e  
r e q u i r e d  t e m p e r a t u r e .  The r e s u l t i n g  b lue -g reen  r e a c t i o n  m i x t u r e  was 
quenched w i t h  w a t e r ,  f i l t e r e d  and washed. The i n s o l u b l e  r e s i d u e  was 
d r i e d ,  weighed and a n a l y z e d  by I R .  The o r g a n i c  f i l t r a t e  w a s  d r i e d  and 
t h e  s o l v e n t  removed under  vacuum. 
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Table 1. Products of Acid-catalyzed Phenylation of Phenyl Benzyl 
Ether .a 

Acid 
Ph-CHzO-Ph PhCH2-Ph + HO-Ph + 

Ph-H 

J 

1 2 3 

intermolecular intramolecular 

ACID ph2cH2 o-benzylphenol 

CF3S03H 44% 48% 

BF3'CH30H (72O) 49% 49% 

BF3 
A1Br3 48% 54% 

BFj 'CH30H 4 7 %  40% 

49% 48% 

aRoom temperature, benzene solvent. 

Table 2. Products of BF3-Catalyzed Cleavage of 1-Naphthylmethyl 
Phenyl Ether .a 

+ ArCH2Ph + PhOH + "self trapped 
mater i a 1 " 

PhH 

BF? 
ArCH20Ph+ ArCH2 

4 5 6 7 

ArCH20Ph - 0-5 p-5. - 6 recovery - 7b -- 
0.2M 30 12 <1 43% (1.00) 
0.02M 37 15 6 58% .76 
0.002M 50 16 1 2  78% .27 

aRoom temperature, benzene solvent 
bRelative yield of several products from liquid chromatographic 
analysis. 
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Table 3. Relative Trapping Abi 
Catalyzed Cleavage of 

PhH 
ArCH20Ph + Trap,ArCH2 

BF3 
5 

Trap Trap , E 
Benzene 
Naphthalene 
K l p n t k l  i elle 

Naphthalene 
Diphenyl Ether 
2,6-Dimethylphenol 
Diphenyl Ether 
2,6-Dimethylphenol 

0 

.020 
.In 

. L U  

2.0 
.20 
.20 
.20 
.20 

ity of Aromatic Compounds in BF3- 
1-Naphthylmethyl Phenyl Ether.a 

+ ArCH2Ph + ArCH2-Trap + self-trap ed E materia 1 

6 8 7 

e p - 5 5 -  8 krelC 
(1) 38 13 7 

33 14 7 3 280 
3 7  1'1 J >I" 

32 8 1 46 260 
41 13 4 4 50 
39 12 2 17 450 
2a 9 1.5 15 500 

1.3 45 

-- 

. ) , n  1 7  1, - 1  

aRoom Temperature, benzene solvent. 
bSee Figure 1 for relative yields of self-trapped material. 

, see reference 9. Cktrap - = P;cH~-T~~ x E!!d 
kPhH ArCH2Ph 

Table .4. BPj-Catalyzed Arylation of Polymer 9. 

Product solubilitiesa 
ArH/ solvent Acid Temp. 3 2 3 2  . , 

CH2C12 BF3'H20 23' 
200 <5% 
20° <5% 

CH2C12 BF3 
PhH/CH2C12' BF3 
naphthalene/CH2C12' BF3 20° 29% 
phenanthrene/CH2C12' BF3 20' 24% 
PhH BF3'CH30H 80° 
PhH BF3 23O 

aDeterminsd by weight of insoluble prodiict. 
bIR shows complete loss of ether functionality. 
c0.4 M Arene. 

20 

PhH 

11% 
19% 

Acetone 

0%b 

39% 
76% 
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I 1  
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N a p h t h y l a t i o n  o f  1-Naphthy lmethy l  Phenyl 

E t h e r ,  ArCH20Ph (see Table 3) .  

. . . . . . . . 0.020 M Naphthalene (ArH) 

___---_- 0.20 M Naphthalene (ArH) 

2.0 M Naphthalene (ArH) 

L i q u i d  Chromatograms o f  the 
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BENZYLIC FUNCTIONALITY I N  COAL DERIVED ASPHALTENES: \ 
A CALIFORNIUM-252 PLASMA DESORPTION MASS SPECTROMETRY APPROACH* 

R.A. Zingaro, R.D. Macfarlane,J.M. Garcia 111, A.G. V ind io la  and J.H. Zoe l l e r ,  J r .  
Department of  Chemistry, Texas A&M Un ive rs i t y ,  Co l lege S ta t i on ,  Texas 77843 

INTRODUCTION 

The hydroaromat ic components embodied i n  coal  molecules s t r o n g l y  
i n f l uence  t h e  thermal behav io r  of coal  i n  a v a r i e t y  of conversion processes. 
A body o f  i n d i r e c t  evidence suggests t h a t  e f f e c t s  due t o  f a c i l e  bond break- 
i n g  a t  benzy l i c  carbon atoms a re  opera t i ve  i n  coal  l i q u e f a c t i o n  (1,2),  
mesophase development (3,4) and d e v o l a t i l i z a t i o n  behav io r  ( 5 ) .  I n  an 
ongoing s tudy  o f  t h e  s t r u c t u r e  of coa l  de r i ved  molecules by t h e  technique 
o f  Cal i fo rn ium-252 Plasma Desorp t ion  Mass Spectrometry (CFPDMS), we have 
found (6)  t h a t  asphal tenes d i s p l a y  p o s i t i v e  i o n  groups of semi regu lar  
p e r i o d i c i t y  i n  t h e  mass reg ion  150 t o  400 amu, and t h a t  t h i s  p a t t e r n  i s  
s t r i k i n g l y  s i m i l a r  t o  t h a t  of  pure hydroaromat ic compounds. Such i o n  groups 
a re  a lso  observed ( / , 8 j  i n  F i e i d  i o n i z a t i o n  mass Spectro1iieir.y (F i i4S)  spectra 
of coal  de r i ved  m a t e r i a l s .  We wish t o  p resent  evidence t h a t  such i o n  groups 
a r e  due t o  b e n z y l i c  f u n c t i o n a l i t i e s  and n o t  t o  f a m i l i e s  o f  compound group 
classes. 

The CFPDMS techn ique invo lves  t h e  use o f  t h e  n u c l i d e  2 5 2 C f ,  one 
o f  whose modes o f  decay is spontaneous f i s s i o n .  Each f i s s i o n  event  e j e c t s  
two fragments i n  oppos i te  d i r e c t i o n s ,  each w i t h  speeds o f  c/ lO, and energies 
o f  SO t o  150 MeV. 
t h i n  f i l m  o f  o rgan ic  s u b s t r a t e  generates a h i g h l y  l o c a l i z e d  h o t  spo t  which 
d e v o l a t i l i z e s  p o s i t i v e  and negat ive  ions.  I n  the  CFPDMS exper iment (9,lO) 
these ions  are  acce le ra ted  towards a charged g r i d  and i n t o  a t ime of  f l i g h t  
(TOF) mass spectrometer.  The TOF c lock  i s  t r i g g e r e d  by the  second, s imu l -  
taneously e j e c t e d  f i s s i o n  fragment c o l l i d i n g  w i t h  a s t a r t  d e t e c t o r  and 
stopped when an o rgan ic  i o n  c o l l i d e s  w i t h  the  TOF de tec to r .  
of t h e  TOF data over  many events i s  managed under computer c o n t r o l .  
Accumulated data is assembled i n t o  a mass SlJecLbUm by c a l i b r a t i o n  w i t h  
known common ions.  ' 

d imethy lsu l fox ide  (DMSO) e x t r a c t i o n  and s o l v e n t  f r a c t i o n a t i o n .  DMSO e x t r a c t -  
i o n  of t he  Wilcox seam l i g n i t e  l i t h o t y p e  y i e l d s  almost a q u a r t e r  o f  t he  organic 
ma t te r  p resent .  
so lub le ,  hexane- inso lub l  e f rac t i on ,  f o r m a l l y  a asphal tene-preasphal tene 
blend. 

* Dedicated t o  P ro fesso r  Pe te r  Given, honorable r e c i p i e n t  o f  t h e  1984 

I n t e r a c t i o n  o f  one o f  these f i s s i o n  fragments w i t h  a 

A c q u i s i t i o n  

Na t i ve  coa l  asphal tenes can be i s o l a t e d  from low rank coa ls  by 

From t h i s  e x t r a c t  i s  i s o l a t e d  the  te t rahyd ro fu ran  (THF)- 

ion  The p o s i t i v e  i o n  CFPDMS spectrum o f  t h i s  sample d i sp lays  the  

Henry H .  Storch  Award i n  coal  research. 
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I 

groups descr ibed. 
and preasphaltenes from coal  l i q u e f a c t i o n  products,  and i n  t h e  spectra 
Of  hydroaromatic compounds. The CFPDMS f ragmenta t ion  p a t t e r n  o f  
1,2,3,6,7,8 hexahydropyrene (HHP) can be i n t e r p r e t e d  i n  r a t i o n a l  s t r u c t u r a l  
terms and i l l u s t r a t e s  how the  mass d i s t r i b u t i o n  and c o n f i g u r a t i o n  of  these 
i o n  groups i s  a f u n c t i o n  o f  the  type  o f  benzy l i c  methylene f u n c t i o n a l i t i e s  
p resent .  

EXPERIMENTAL 

Such ions  are a l s o  seen i n  the  spectra o f  asphal tenes 

Wilcox seam l i g n i t e  ( M a r t i n  Lake, Texas) i s  a g i t a t e d  w i t h  
son ica t i on  i n  t e n  t imes i t s  mass o f  DMSO f o r  twenty  f o u r  hours, f i l t e r e d  
through a ceramic frit, and the  so l ven t  removed by evapora t ion  i n  vacuo. 
The t a r  i s  d iges ted  i n  THF f o r  twenty  f o u r  hours and the  DMSO-soluble, 
THF-insoluble s o l i d  i s  removed by  f i l t r a t i o n .  So lvent - f ree  THF-soluble 
ma t te r  i s  d iges ted  i n  excess hexane. 
th imb le  and ex t rac ted  w i t h  hexane i n  a Soxh le t  apparatus f o r  s i x  hours, 
then w i t h  water f o r  twenty f o u r  hours, t o  remove any DMSO. 
a f i v e  percent y i e l d  (DAF bas is )  o f  asphal tene-preasphal tene b lend i s  
ob ta ined i n  the  form o f  a f i n e  brown powder. 

L ique fac t i on  o f  Herron seam bi tuminous coa l  ( I l l i n o i s  NO. 6 ) ,  
P i t t sbu rgh  seam bi tuminous coal  (West V i r g i n i a )  and Wilcgx seam l i g n i t e  
(Texas) i s  c a r r i e d  o u t  i n  t e t r a l i n  under hydrogen a t  400 C .  
ma t te r  i s  d iges ted  i n  benzene and f i l t e r e d  t o  o b t a i n  preasphal tenes. 
Benzene-sol ubl e ma t te r  i s ex t rac ted  w i t h  hexane t o  y i e l d  o i  1 - f r e e  
asphal tenes. 

So l i ds  a re  f i l t e r e d  through a ceramic 

Upon d ry ing ,  

THF-soluble 

CFPDMS spec t ra  a re  taken by methods descr ibed p r e v i o u s l y  (9 , lO) .  

CFPDMS SPECTRAL RESULTS 

The p e r i o d i c  p o s i t i v e  i o n  groups i n  the  mass range 150 t o  400 amu 
a re  commonly seen i n  t h e  CFPDMS spec t ra  o f  coal  de r i ved  asphal tenes and 
preasphal tenes. Representat ive examples a re  shown i n  F igure  1 .  The groups 
occur w i t h  a mass p e r i o d i c i t y  o f  f rom 12.1 t o  14.1 amu, and are  most 
apparent i n  the  reg ion  f rom 200 t o  350 amu. Mass cen t ro ids  o f  these groups 
a re  very  nea r l y  the  same i n  a l l  samples examined, i n c l u d i n g  t h e  pure  hydro- 
aromat ic compounds. Average masses o f  these cen t ro ids  are l i s t e d  i n  Table 2 
These masses a re  very  s i m i l a r  t o  those o f  analogous F IMS ions  ob ta ined f rom 
o the r  coal  products (7,8). I t  i s  s i g n i f i c a n t  t h a t  these i o n  groups u s u a l l y  
appear a t  the top  o f  a broad envelope o f  ions  extending from 200 t o  500 amu, 
t h e  h igh  mass downward slope o f  which i s  devo id  o f  i o n  groups. 
i o n a l  analogy w i t h  the  FIMS coal  spec t ra  i s  t h e  more i n tense  i o n  groups 
below 200 amu. The composite i ons  cou ld  be i n t e r p r e t e d  as several  f a m i l i e s  
o f  compound group c lasses  o f  t he  form CnH2n-zOy , the  popu la t ions  of which 

r e s u l t  i n  apparent mass p e r i o d i c i t i e s  o f  l e s s  than fourteen. The CFPDMS 
spec t ra  o f  pure hydroaromat ic compounds suggests t h a t  an a1 t e r n a t e  expl  an- 
a t i o n  must be considered 

An a d d i t -  

23 

J 



Figure 2 shows the  150 t o  500 amu range o f  the  p o s i t i v e  i o n  
CFPDMS spectrum of  HHP (MW 208). 
and 340 amu. The f i r s t  f i v e  groups a re  l a rge ,  cons i s t i ng  o f  the parent  
i ons  and i t s  f ragments.  Higher mass i o n s  are  smal ler ,  and f rom expansions 
o f  the spectrum (F igu re  2) i t  i s  apparent t h a t  t he  i o n  groups f a l l  a t  
approx imat ly  the  same masses as the  asphal tene ions  (Table 2 ) .  The 
parent  i o n  group (200-208 amu) c o n s i s t s  o f  a benzyl  c a t i o n  type  i o n  a t  
207 amu, i t s  unsatura ted  analogs a t  205 and 203 amu, and the  pyrene 
c a t i o n  r a d i c a l  a t  202 amu. Most probable s t r u c t u r e s  are  shown i n  Table 
1 .  
aromatic compounds a re  we l l  known ( 2 ) .  
pond t o  t h e  e x t r u s i o n  o f  carbon and hydrogen from the  ske le ton ,  as 
methylene, methine o r  carbon chains.  
ex t rus ions  are  accompanied by rearrangement, dehydrogenation and/or 
i n t ramo lecu la r  recombina t ion  t o  produce ions  i somer i c  w i t h  t h e  most probable 
s t r u c t u r e s  shown i n  Table 1. 
i s  nea r l y  the  same as t h a t  o f  the  asphal tene i o n  groups. The smal le r  
"postparent"  i o n  groups - e i g h t  o f  them between 221 and 325 amu - appear 
t o  be recombinant ions ,  o r i g i n a t i n g  from the  a t t a c k  of fragment i ons  on 
the  parent  molecule,  o r  on o t h e r  f ragments.  

DISCUSSION 

Fourteen i o n  groups appear between 152 

The l a t t e r  i o n s  a re  der ived  by f a c i l e  dehydrogenation, f o r  which hydro- ' 
I o n  groups a t  lower masses cor res-  

Fragment masses imp ly  t h a t  t h e  

The apparent p e r i o d i c i t y  o f  these i o n  groups 

I n  a p r e l i m i n a r y  survey o f  t h e  CFPOMS f ragmenta t ion  behavior 
o f  c o a l - l i k e  compounds ( 6 )  we have screened po lynuc lear  aromat ic hydro- 
carbons, aromat ic and a l i p h a t i c  ca rboxy l i c  ac ids ,  phenols, a r y l  e the rs ,  
monoal k y l  benzenes and hydroaromat ic compounds. Oxygen con ta in ing  com- 
pounds i n v a r i a b l y  y i e l d  pa ren t  i o n s  an order  o f  magnitude more i n tense  
than t h e i r  f ragment i o n s .  Hydrocarbons, such as phenyl pentadecane, 
dibenzanthracene and hexahydropyrene, do n o t  fragment i n  t h i s  manner, 
b u t  g i ve  r i s e  t o  f ragment i o n s  t y p i c a l l y  h a l f  as in tense as the  parent  
ions .  
d i f f e r e n t  f rom t h a t  seen i n  e l e c t r o n  impact i o n i z a t i o n  mass spectrometry.  
For example, 
a se r ies  o f  i o n  groups o f  p e r i o d i c i t y  14 amu (F igu re  3) ,  r e f l e c t i n g  
random cleavage a long t h e  a l k y l  cha in  (11).  1,2,5,6 Dibenzanthracene 
d i sp lays  fragments o f  p e r i o d i c i t y  13 amu (F igu re  3) corresponding t o  
successive expu ls ion  of  from one t o  e i g h t  methine groups f rom t h e  parent  
s t ruc tu re .  The fragment p e r i o d i c i t y  o f  a1 ky la rorna t ics ( inc1ud ing  hydro- 
aromat ic compounds) i s  n o t  so regu la r ,  and t h e i r  i n t e n s i t i e s  a re  of t he  
same magnitude as the  parent  ions .  
menta t ion  modes a v a i l a b l e  t o  benzy l i c  f u n c t i o n a l i t i e s ,  and t h e  fo rmat ion  
of very  s t a b l e  benzyl  c a t i o n  s t r u c t u r e s ,  exemplef ied by the  fragment ions  
of HHP shown i n  Table 1. 

CFPDMS f ragmenta t ion  resembles t h a t  o f  Pyro l  y s i  s -F i  e l  d Desorp- 
t i o n  Mass Spectrometry (PFDMS). The PFDMS p o s i t i v e  i o n  groups o f  German 
coals (8 )  f a l l  a t  the  same masses as those shown i n  Table 2. Schul ten 
a t t r i b u t e s  some o f  t he  p r i n c i p a l  ions  o f  these groups t o  severa l  se r ies  
of  compositions C,H2n-z. 

The p e r i o d i c i t y  o f  t he  fragment ions  i s  r a t i o n a l ,  bu t  q u i t e  

the  p o s i t i v e  i o n  CFPDMS spectrum o f  behenic a c i d  e x h i b i t s  

Th is  i s  a r e s u l t  o f  m u l t i p l e  f rag -  

An a d d i t i o n a l  s i m i l a r i t y  between PFDMS and 
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CFPDMS i s  the  appearance o f  h i g h  molecu la r  we igh t  i ons  o f  p e r i o d i c i t y  
74 amu. We f i n d  t h a t  monoalkylbenzene compounds, and some coa l  f rac t i ons ,  
show p o s i t i v e  CFPDMS i o n s  a t  m/z = 948 + 74 n , where n i s  0 t o  14. 
i o n s  appear t o  be polymeric t r i s - f u s e d  t r i pheny lene  s t r u c t u r e s  formed i n  
the  p y r o l y t i c  environment i n  which the  i o n s  a r e  d e v o l a t i l i z e d  ( 6 ) .  Ions  
Of these same masses have a l s o  been seen i n  Schu l ten 's  study ( 8 ) .  

o f  HHP and o the r  hydroaromat ics leads us t o  conclude t h a t  t he  CFPDMS 
technique i s  de tec t i ng  hydroaromatic and o the r  benzy l i c  f u n c t i o n a l i  t i e s  
among the  d i spa ra te  coa l  components. A suppor t ing  obse rva t i on  i s  t he  
presence o f  smal le r  recombinant ions  i n  the  spectrum o f  HHP which appear 
a t  masses above t h a t  o f  the  parent .  Th is  i s  a general  f e a t u r e  of t he  
CFPDMS spec t ra  o f  hydroaromat ic compounds. 
i n d i v i d u a l  recombinant i ons  a r e  n o t  seen. The v a r i e t y  o f  hydroaromat ics 
i n  the  sample g i ves  r i s e  t o  a broad envelope o f  ions ,  superimposed by the  
l a r g e r  fragment ions .  
of  coal  l i q u i d s .  The c o n f i g u r a t i o n  o f  t h e  i n d i v i d u a l  i o n  groups con ta ins  
i n fo rma t ion  r e f l e c t i n g  the  popu la t i on  o f  e x t a n t  hydroaromat ic molecules.  

Organic CFPDMS i o n s  have been de tec ted  up t o  1200 amu i n  many 
coa l  der ived  products,  y e t  t he  i o n  groups descr ibed i n  t h i s  r e p o r t  do 
n o t  appear a t  masses above 600 amu. These i o n  groups have n o t  been 
de tec ted  i n  the  CFPDMS spec t ra  o f  hexane-soluble coal  products,  because 
many o t h e r  i n tense  ions  i n t e r f e r e .  They a re  d e f i n i t l y  absent f rom the  
CFPDMS spec t ra  o f  DMSO-soluble, THF-insoluble f r a c t i o n s .  A working hy- 
po thes i  s i s  t h a t  as hydroaromat ic components condense i n t o  h igh  mo lecu la r  
weight cross1 inked molecules du r ing  c o a l i f i c a t i o n  metamorphosis, t h e i r  
benzy l i c  cha rac te r  i s  l o s t .  
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I Table 1: Most probable s t r u c t u r e s  o f  t he  main p o s i t i v e  CFPDMS fragment 
ions  o f  1,2,3,6,7,2 Hexahydropyrene, shown i n  F igure  2 

MASS 

207 

205 

203 

202 

191 

MASS 

179 

178 

176 @ ?  

165 

163 

1 G9 152 

Table 2: Mean mass c e n t r o i d s  o f  CFPDMS p o s i t i v e  i o n  groups e x h i b i t e d  by  
asphaltenes and hexahydropyrene i n  the  mass range 150 t o  370 amu. 

151 

167 
179 

191 

201 

21 2 

224 299 

237 31 1 
250 323 

263 337 

275 ( i r r e g u l a r )  349 

284 361 
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Figure 1 :  Positive CFPDMS ion groups of Coal derived Asphaltenes in the 
mass range 150 to 500 amu. 
asphaltene, 
asphaltene, C - Wilcox Seam Lignite, native asphaltene-pre- 
asphaltene blend, 
preasphal tene. 

A - Illinois No. 6 liquefaction 
8 - Pittsburgh Seam Bituminous Coal liquefaction 

D - Wi lcox  Seam Lignite liquefaction 
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Figure 2: Positive ion CFPDMS spectrum o f  1,2,3,6,7,2 tlexahydro- 
pyrene in the mass range 150 t o  500 amu. 
detail of fragment ions (150 t o  208 amu) and recombinant 
ions (220 t o  340 amu) . 

Vignetts show 
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Figure 3 :  P e r i o d i c  p o s i t i v e  CFPDMS i o n  groups. 
f rom cleavage o f  a l k y l  cha in  o f  Behenic a c i d  (Top), and p e r i o d i c i t y  
13 ainu methine e x t r u s i o n  fragments o f  D i  benzanthracene (Bottom). 
The Dibenzanthracene spectrum shows the  parent  i o n  a t  278 amu and 
an oxygenated i m p u r i t y  a t  294 amu. 

P e r i o d i c i t y  14  amu fragments 
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CHANGES IN ASPEALTENES AND PUEASPBALTENES 
WITH REACTION CONDITIONS AND 
EFFECTS ON COAL STBIICl’URE 

C.L. Knudson, R . J .  B a l t i s b e r g e r ,  N.F. Woolsey, and W.G. Wil lson E 
Unive r s i ty  of North Dakota Energy Research Center 

Box 8213, Un ive r s i ty  S t a t i o n  
Grand Forks ,  North Dakota 58202 

Asphal tenes  (A) and p reaspha l t enes  (PA) have broad chemical composi t ions because 
they a r e  s o l u b i l i t y  f r a c t i o n s .  De ta i l ed  s e p a r a t i o n s  by B a l t i s b e r g e r ,  e t  a l .  (L) of 
t h e  A and PA f r a c t i o n s  and d e t a i l e d  ana lyses  (ove r  100) of samples produced a t  12 
d i f f e r e n t  l i q u e f a c t i o n  cond i t ions  have provided a b e t t e r  d e e i n i t i o n  of what chemical 
parameters most a f f e c t  t h e i r  s o l u b i l i t y .  Re la t ing  t h e  A and PA changes t o  c o a l  
l i q u e f a c t i o n  ope ra t ing  cond i t ions  i n d i c a t e s  t h a t  a key f a c t o r  i n  upgrading t h e s e  
m a t e r i a l s  i s  t o  dec rease  t h e i r  phenol ic  con ten t .  The changes i n  hydrogen con ten t  
and d i s t r i b u t i o n  i n  a spha l t enes  observed when o p e r a t i n g  with H2 o r  CO-HZ (syngas)  
i n d i c a t e d  CO was more e f f e c t i v e  i n  hydrogenating a l i p h a t i c  p o s i t i o n s  in aspha l t enes  
than H2 gas .  The change i n  hydrogen d i s t r i b u t i o n  has  imp l i ca t ions  concerning c o a l  
s t r u c t u r e  (both l i g n i t e s  and bituminous c o a l s )  and i n i t i a l  coa l  decomposition 
mechanisms. 

Experimental  

The cont inuous p rocess  u n i t  (CPU) used t o  produce t h e  A and PA m a t e r i a l  has  been 
desc r ibed  elsewhere (2).  The A and PA f r a c t i o n s  were sepa ra t ed  from samples 
ob ta ined  from twelve d i f f e r e n t  cont inuous p rocess  u n i t  (CPU) tests performed a t  t h e  
Un ive r s i ty  of North Dakota Energy Research Center  (UNDERC). Nine t e s t s  were made 
with Beulah (B3) l i g n i t e ,  one wi th  Big Brown (BB1) Gulf Coast l i g n i t e ,  and two wi th  
Powhattan (POWI) bituminous coa l .  Five t e s t s  were s ingle-pass  with coa l  and 
so lven t ;  t h r e e  oE t h e s e  f i v e  t e s t s  were a t  400°, 440’ and 46OoC o p e r a t i n g  
temperatures  and a gas  f low rate of 0.5 scfm of syngas using a cont inuous s t i r r e d  
tank r e a c t o r  (CSTR) wh i l e  two were a t  gas  flow r a t e s  of 0.5 and 1.1 scfm a t  46OoC 
us ing  an  open t u b u l a r  r e a c t o r .  Seven t e s t s  were bottoms r e c y c l e  t e s t s  a t  nominal ly  
46OoC and a t  o p e r a t i n g  p res su res  of 2000 t o  4000 p s i .  Operat ing c o n d i t i o n s  have 
been p rev ious ly  r epor t ed  (L). During CPU ope ra t ion ,  a coal-solvent  s l u r r y  
(preheated to  200OC) and reducing gas  (p rehea ted  t o  300°C) was fed t o  a cont inuous 
s t i r r e d  tank r e a c t o r  (CSTR) o r  an up flow open t u b u l a r  r e a c t o r  (OTR). Thus, most of 
t he  hea t ing  t o  r e a c t i o n  t empera tu res  occurred i n  t h e  r e a c t o r .  The r e d i s t r i b u t i o n  of 
t he  feed t o  product s t r eams  is dep ic t ed  i n  F igu re  1. A l l  s t reams were sampled a f t e r  
each bottoms r ecyc le  pass  ( 4  h)  o r  s i n g l e  pass  t e s t  pe r iod  (6 t o  12  h)  and 
ex tens ive ly  analyzed.  In s i n g l e  pass  o p e r a t i o n  a 40% c o a l  and s o l v e n t  s l u r r y  was 
passed once through t h e  system. In bottoms r ecyc le ,  t h e  major p o r t i o n  of product  
s l u r r y  (PS) and usua l ly  t h e  l i g h t  o i l s  (LO) were r ecyc led  a s  s o l v e n t  f o r  t h e  n e x t  
pass .  T o t a l  i n s o l u b l e s  inc lud ing  a s h  and i n s o l u b l e  o rgan ic  ma t t e r  (IOM) i n c r e a s e .  
These remain nea r ly  cons t an t  a f t e r  about t en  pas ses  due t o  the  removal of PS n o t  
r equ i r ed  f o r  u se  as s o l v e n t .  The amount of c o a l  f ed  was 30 w t %  of t h e  f eed  s l u r r y  
(FS). 

i 

Only product  s l u r r y  ana lyses  w i l l  be considered i n  t h i s  paper.  

Product S l u r r y  Analysis .  Product s l u r r y  was c o l l e c t e d  i n  a 1 g a l l o n  can during t h e  
l a s t  hour of a t e s t  pe r iod  or pass .  The c o n t e n t s  of t h e  can were shaken i n  a p a i n t  
mixer ( s i n g l e  pass)  or t r a n s f e r r e d  t o  a Waring blender  and blended (bot toms 
r ecyc le ) .  After mixing, t h e  m a t e r i a l  was r a p i d l y  s p l i t  i n t o  small  sample c o n t a i n e r s  
and the  remainder r e tu rned  t o  s to rage .  S e t t l i n g  was not  a problem except  when 
d i s t i l l a t e  s o l v e n t s  were employed i n  a s i n g l e  pass  run. The v a l i d i t y  of a n a l y s i s  
techniques using microgram q u a n t i t i e s  was v e r i f i e d  by repeated ana lyses .  Samples 

, 
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were analyzed i n  d u p l i c a t e  or t r i p l i c a t e  t o  d e f i n e  major product  f r a c t i o n s .  Water 
was u s u a l l y  1% t o  3% of t h e  PS and was determined by Karl F i sche r  t i t r a t i o n .  
Tetrahydrofuran (THF) i n s o l u b l e s  were determined by d i s s o l u t i o n  of a sample i n  
excess  THF at ambient cond i t ions  and f i l t r a t i o n  through a 0.5 micron. Teflon,  
M i l l i p o r e  f i l t e r .  D i s t i l l a t i o n  r e s idue  (MDR) was determined by m i c r o d i s t i l l a t i o n  of 
less than  0.5g a t  250°C, 1 T o r r  f o r  0.5 h .  Ash w a s  determined by i n i t i a l l y  d r i v i n g  
o f f  v o l a t i l e  o r g a n i c s  a t  about 2OO0C followed by a sh ing  a t  over  80OoC i n  a muffle 
furnace.  The THF s o l u b l e  p o r t i o n  of t h e  MDR de f ined  t h e  s o l u b l e  r e s idue  (SR) y i e l d .  
The q u a l i t y  of t h e  SR w a s  r o u t i n e l y  determined by h igh  p res su re  l i q u i d  
chromatography (HPLC) g e l  permeation chromatography (GPC) of t h e  THF s o l u b l e  
f r a c t i o n  of t he  MDR (2). GPC provided t h e  molecular  weight  (MW) d i s t r i b u t i o n  
p r o f i l e  of t h e  SR. A l s o ,  t h e  GPC r a t i o  of t h e  absorbance a t  254 nm of t h e  exc lus ion  
peak o r  shou lde r  n e a r  950 MW to t h e  absorbance a t  250 MW provided an index value t o  
t h e  amount of h igh  MW m a t e r i a l  i n  t h e  SR. 

Asphal tenes .  The p roduc t  s l u r r y  s t ream samples were sepa ra t ed  i n t o  A and PA 
fractions by exhaiiscive ejtiractiaiii uaiiiy, iuiuene and i-iF. Then each f r a c t i o n  was 
sepa ra t ed  by molecu la r  weight  (MW) us ing  Bio Beads -Sx-3 i n t o  narrower MW f r a c t i o n s  
(L), The MW f r a c t i o n s  were each analyzed f o r  carbon,  hydrogen, n i t rogen ,  s u l f u r ,  
and phenol ic  hydroxyl  (OH) con ten t .  The average MW was determined by vapor phase 
osmometry. P ro ton  NMR ana lyses  were performed t o  determine t h e  hydrogen 
d i s t r i b u t i o n  as: 

Ha, - hydrogens a t t a c h e d  t o  aromatic  carbon atoms, 

Ha - 
Ho 

hydrogens a t t a c h e d  t o  carbons which a r e  a t t ached  t o  an aromatic  
r i n g  ( b e n z y l i c  hydrogen),  and 

- hydrogen on carbon a t  l e a s t  one carbon atom away from an  aromatic  r i n g  
o r  i n  an  a l p h a t i c  hydrocarbon ( a l i p h a t i c  hydrogen).  

S ing le  Pass So lven t s .  The CPU once through t e s t s  w i th  t h e  CSTR used an anthracene 
o i l  (A011 purchased from Crowley Tar Products  spiked wi th  10% t e t r a l i n  while  t e s t s  
w i th  t h e  OTR used A O D l  s o l v e n t ,  which was a d i s t i l l a t e  f r a c t i o n  of AO1. The so lven t  
ana lyses  have been p resen ted  elsewhere (5, 2). N e i t h e r  A 0 1  or A O D l  so lven t  
contained any THF i n s o l u b l e s  and would t h e r e f o r e  not  i n t e r f e r e  with the  
preasphal tene a n a l y s i s  u n l e s s  i nco rpora t ed  i n t o  t h a t  f r a c t i o n  du r ing  processing.  
The amount of hexane i n s o l u b l e s  i n  t h e  s i n g l e  pass  s o l v e n t s  was on ly  1.28 u t%.  In 
a d d i t i o n ,  t h i s  p o r t i o n  showed a uniform low absorbance va lue  from 2000 t o  100 g/mole 
as ind ica t ed  i n  F i g u r e  2.  Assuming the  low absorbance i s  c o n s i s t e n t  w i th  a amall 
concen t r a t ion  t h e r e  shou ld  be no major c o n t r i b u t i o n  t o  t h e  average molecular  weight 
determined by VPO a n a l y s i s  of t h e  a spha l t ene  f r a c t i o n s  of t h e  SR samples.  

The MDR of A 0 1  amounted t o  8.05 w t %  and was e n t i r e l y  s o l u b l e  i n  THF. The GPC MW 
d i s t r i b u t i o n  of t h i s  m a t e r i a l  was b e l l  shaped (F igu re  2 )  w i t h  minimum va lues  a t  950 
and 250 MW and t h e r e f o r e  would have l i t t l e  i n f l u e n c e  on t h e  GPC r a t i o  determined f o r  
an  SR. 

Resu l t s  

Coal Analysis  and Reac t ions .  Ult imate  and Fischer-Schroeder Assay d a t a  (provided by 
t h e  Albe r t a  Research Counc i l )  f o r  t h e  c o a l s  are p resen ted  i n  Tab le  I. The 18 t o  2 1  
maf w t %  oxygen c o n t e n t  o f  t h e  l i g n i t e s  was cons ide rab ly  h ighe r  t han  t h e  8.6 value 
f o r  the bituminous coal. For the  B3 l i g n i t e  about  74% of t h e  t o t a l  s u l f u r  was 
r e t a ined  i n  t h e  a s h  as s u l f a t e  due t o  i t a  high molar Ca/S r a t i o .  This  i nc reased  the  
appare-t ash rcad:ing i n  t he  c i i i cu i a i rd  lnaf oxygen va iue  being iow. rowi and nni 
exh ib i t ed  s u l f u r  r e t e n t i o n  of 5% and 84%, r e s p e c t i v e l y .  Ignor ing  the  e f f e c t s  of 
s u l f u r  r e t e n t i o n ,  most of t h e  oxygen i n  t h e  B3 l i g n i t e  w a s  observed du r ing  500'C 
assay  as C02 and chemical  water  (51% and 37% f o r  83 ,  r e s p e c t i v e l y ) .  For the  
bituminous c o a l ,  58% of t h e  oxygen w a s  observed i n  chemical  wa te r  and on ly  22% in 
C02. Chemical wa te r  i s  wa te r  produced in excess  of c o a l  moisture  ( c f .  Table I). 
Typical  v a l u e s  depending on rank have been r epor t ed  f o r  many c o a l s  (6).  For 2OOg of 
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Table I. Coal Analysis 

A. Elemental 

Moisture Ash Ultimate, wtX maf 
Rank Coala %AR %MF C H N 0 S 
--I------- 

Lig B3 28-90 16.32 70.10 34.50 
Lig BB1 26.51 12.57 74.05 5.42 
Bit POWl 4.80 10.61 79.96 5.74 

B. FischerSchroeder Assay Yields, wt% mafbSc 

Total Chemicaa 
Coal - Char Gas Water 

B3 66.41 18.85 8.95 
BB1 63.03 16.25 8.71 
POW1 69.56 7.97 5.62 

- 

1.04 21.60 2 76 
1.32 18.09 1.11 
1.39 8.59 4.31 

Light 
Tar Oil 

4.65 1.83 
9 .83 1.04 
15.74 0.12 

Coal Gas H2 CO C02 H2S C1-C6 CH4 C2H6 
- - - - - - - - - 
B3 18.85 0.07 1.49 15.23 0.38 1.61 0.92 0.18 
BB1 16.25 0.05 1.79 11.83 0.23 2.34 1.19 0.28 
POWl 7.97 0.05 0.52 1.68 1.10 4.54 2.52 0.70 

aDry pyritic sulfur contents were 0.63, 0.16, and 0.91, 

'Analyses provided by the Alberta Research Council Canada, 

'Dry ash values were 16.75, 11.35, and 10.00, respectively. 
dWater produced in excess coal moisture under pyrolysis 

respe tively. 

M. Selucky and M.P. duPlessis. 

. 
conditions. 

B3 coal, CO evolved rapidly prior to reaching 400'C in batch autoclave tests with 
coal only (3. Similar rates of chemical water and C02 production from this coal at 
various temperatures was observed by Solomon (L ) .  In coal-C0-water-solvent 
autoclave tests rapid C02 production initiated at about 36OoC coincident with CO 
consumption and some H2 production (8, 2). However, in slurry dried coal CO tests 
COP was observed with CO consumption but minimal H2 gas was observed. In rapid heat 
up tests with about 150g of maf lignite (triple the normal amount) to 3 moles of CO, 
98% of the CO was rapidly converted to C02. The amount of CO consumed was found to 
be proportional to the amount of coal charged. 

In continuous process unit operation at the UNDERC with H2 gas, the water and COP 
yields are similar to the assay C02 and chemical water yields of the coal being 
processed. When CO gas was present the molar amount of CO consumed approximated the 
quantity of feed water (coal moisture plus chemical water) consumed. In summary, 
the chemical water was produced rapidly at temperatures above 36OoC without 
consuming gaseous hydrogen but rather abstraction of coal hydrogen which reduces the 
net available hydrogen in the coal. Loss of this hydrogen in chemical water would 
increase aromatization during the initial coal reactions. This net available 
hydrogen has been found to correlate with liquefaction conversion and pyrolysis tar 
yields (g). The CO results indicated that CO reacted with the chemical water or 

i 
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i t s  f u n c t i o n a l  group p recu r so r  t o  r e s u l t  i n  t h e  n e t  hydrogenat ion of t h e  coa l  
s t r u c t u r e .  T h i s  n e c e s s i t a t e s  t h e  presence i n  c o a l  of f u n c t i o n a l  groups t h a t  can 
the rma l ly  decompose t o  produce water  a t  t empera tu res  as low as 36OOC. 

Temperature E f f e c t s  - S i n g l e  Pass  CPU Runs. The r e a c t i o n  temperature  has  a l a r g e  
e f f e c t  on t h e  c h a r a c t e r i s t i c s  of t h e  SR, PA, and A f r a c t i o n s  and on y i e l d  
s t r u c t u r e s .  Conversion va lues  of coa l  i nc reased  wi th  t empera tu res  from 400' t o  
46OoC b u t  decreased a t  48OoC f o r  t hese  tests. The y i e l d  r e s u l t s  a t  48OoC a r e  
so lven t  dependent.  The SR f r a c t i o n  e x h i b i t e d  a r a p i d  and then  s lower dec rease  in 
over  950 MW material w i t h  i n c r e a s i n g  temperature  ( F i g u r e  3 )  as was observed i n  batch 
au toc lave  t e s t s  (3) .  The p reaspha l t ene  f r a c t i o n  i n d i c a t e d  a s imi la r  dec rease  in t h e  
magnitude of t h e  e x c l u s i o n  peak wi th  temperature  (F igu re  4 ) .  The i n d i v i d u a l  PA-MW 
f r a c t i o n s  a l l  e x h i b i t e d  uniformly decreased hydrogen con ten t  w i th  inc reas ing  
temperature  as seen  i n  F igu re  5. The range of molecular  we igh t s  f o r  t h e  PA-MW 
f r a c t i o n s  compressed from 200-3000 t o  400-2000 t o  500-1000 wi th  inc reas ing  
temperature  ( s e e  F i g u r e  5 ) .  This  i n d i c a t e d  t h a t  t h e  PA m a t e r i a l  became more 

i n c o r p o r a t i o n  i n t o  t h e  lower MW PA could a l s o  r e s u l t  i n  an upward s h i f t  i n  MW 
e s p e c i a l l y  a t  48OoC s i n c e  a t  t h i s  temperature  c o a l  conve r s ion  decreased r e l a t i v e  t o  
conversion a t  lower t empera tu res .  

The A-MW f r a c t i o n s  ( n o t  dep ic t ed )  ob ta ined  a t  48OoC had h ighe r  hydrogen content  
t han  those  ob ta ined  a t  460'C i n d i c a t i n g  t h a t  hydrogen r i c h  s o l v e n t  had been 
inco rpora t ed .  The pheno l i c  con ten t s  of both A- and PA-MW f r a c t i o n s  obtained a t  
4OO0C changed i n  a p a r a l l e l  manner but  were h ighe r  t han  t h o s e  ob ta ined  a t  46OoC and 
480'C. The e x c e p t i o n  was t h e  460°C PA-MW f r a c t i o n s  which were even h ighe r  t hen  the  
v a l u e s  ob ta ined  a t  4OO0C. 

P res su re  E f f e c t s  During Bottoms Recycle.  The r e l a t i o n s h i p  of A and PA material can 
be b e t t e r  understood by c o n s i d e r a t i o n  of t h e  e f f e c t s  of p r e s s u r e  on t h e i r  hydrogen 
and phenol ic  OH c o n t e n t .  F igu re  6 p r e s e n t s  t h e  d a t a  f o r  t he  hydrogen content  
changes with MW €o r  t h e  A- and PA-MW f r a c t i o n s  of t h e  bottoms r e c y c l e  Runs 46 and 41 
a t  2000 and 4000 p s i ,  r e s p e c t i v e l y .  The hydrogen c o n t e n t  of both t h e  A- and PA-MW 
f r a c t i o n s  inc reased  a t  any p a r t i c u l a r  MW €or t h e  h ighe r  p r e s s u r e  i n d i c a t i n g  the  
g r e a t e r  hydrogenat ion which occurs  a t  h ighe r  p re s su res  was similar f o r  both A and PA 
m a t e r i a l .  The OH c o n t e n t  of t h e  PA-MW f r a c t i o n s  was h i g h e r  and p a r a l l e l  t o  t hose  of 
t h e  A-MU f r a c t i o n s .  However, as seen i n  F igu re  7, t h e  OH c o n t e n t  f o r  t he  PA-MW 
f r a c t i o n s  of t h e  same MW was h ighe r  when ope ra t ing  a t  4000 p s i  t han  a t  2000 p s i  ( t h e  
A-MW f r a c t i o n s  behaved s i m i l a r l y  wi th  p re s su re ) .  The h ighe r  o p e r a t i n g  pressure 
inc reased  t h e  hydrogen c o n t e n t ,  as w e l l  a s  t h e  pheno l i c  con ten t .  A t  h igher  
p r e s s u r e s  t h e  y i e l d  s t r u c t u r e  changed, as i n d i c a t e d  i n  F igu re  8. A t  4000 p s i  
ope ra t ion ,  i n s o l u b l e  o r g a n i c  ma t t e r  (IOM) was less (conve r s ion  was h i g h e r ) ,  and t h e  
amounts of A and PA produced were l e s s  than a t  2000 p s i  ope ra t ion .  However, 
i nc reased  conversion due t o  inc reased  ope ra t ing  p r e s s u r e  r e s u l t e d  i n  producing A and 
PA t h a t  had a h i g h e r  OH c o n t e n t .  The molecular  weight  d i s t r i b u t i o n  of t h e  SR was 
a l s o  h ighe r  when o p e r a t i n g  a t  4000 than  a t  2000 p s i .  The pheno l i c  con ten t  of 
d i s t i l l a t e s  a l s o  i n c r e a s e d  wi th  conversion (12) .  The h ighe r  ope ra t ing  pressure 
inc reased  1 )  conve r s ion ,  2 )  t h e  hydrogen c o n t G t  of t h e  A and PA, 3)  t h e  phenol ic  
Content of t h e  A and PA, and 4 )  t h e  GPC molecular  weight  d i s t r i b u t i o n  of t he  SR 
f r a c t i o n .  

refraccory jo+iooo i.i'w' eater;a: through the Loss of lover ""2 - " c - r l . r l  ...Y-C.AY-. C n l r r s . . +  ---.-.._ 

1 
E f f e c t  of CO on Hydrogenation of L i g n i t e  and Bituminous Coal.  The i n f l u e n c e  of CO 
oii -I.- L. .A ------.,-- 

L 1 1 S  L L J " ' V . 5 S L L a L L " L L  of .ispkia:ienes derive-' fro;-. l i g n i t c  o r  bitminous c c d  
i n d i c a t e d  t h a t  CO p r e f e r e n t i a l l y  hydrogenated t h e  Ho  p o s i t i o n .  Table  I1 presen t s  
t h e  ope ra t ing  c o n d i t i o n s ,  conve r s ions ,  and SR y i e l d s  f o r  f o u r  bottoms r ecyc le  t e s t s  
w i t h  and without  CO f o r  two c o a l s .  CO-H2 was somewhat more e f f e c t i v e  a t  convert ing 
l i g n i t e  wh i l e  H2 w a s  more e f f e c t i v e  f o r  conve r t ing  bituminous c o a l .  SR y i e l d s  a l s o  
va r i ed .  The GPC-MW d i s t r i b u t i o n s  were e s s e n t i a l l y  i d e n t i c a l  f o r  t h e  two c o a l s  when 
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Table 11. E f f e c t  of CO on t h e  Hydrogenation of Asphal tenes  

Coal L i g n i t e ,  B3 Bituminous,  POW1 

CPU Runa 
Feed Gas 
T o t a l  P r e s s u r e ,  p s i  
P a r t i a l  P re s su re ,  pH2 

PCO 
PHpO 
PLO 

Flow Rates:  
Feed Gas, s c f h  
Feed Slurry,bkg/h 
R a t i o ,  PS/FS 

Yield,  w t %  maf c o a l :  
Conversion 
SR 
Asphal tene 
P reaspha l t ene  

R a t i o  PS/FSC H / C  
L igh t  Oil H / C  

Asphal tenes:  
VPO Mw, g/mol 
H/C 
% Har 
% H  
% H t  
% HOH 

41 
CC-H2 
384 1 
1563 
1604 
600 

5 8  

44 
2.18 
0.782 

92  
21  
12.0 
6 .O 

0.996 
1.503 

37 2 
0.911 

37 .4 
34.1 
26.1 

2.4 

67 1 
0.727 

43.5 
28.3 
24.7 

3 .5 

45A 
H 

1707 

270 
1 3  

5 5  

1890 

-- 

2.28 
0.793 

88 
14 
10.5 
5.5 

1.022 
1.602 

384 
0.865 

43.8 
35.4 
18.3 

2.5 

676 
0.740 

43.3 
29 .2 
23.4 

3.4 

69 
CO-HZ 
2633 
1225 
1291 

71 
47 

38 
2.47 
0.787 

8 7  
22 
15.6 

6.3 

0.981 
1.420 

347 
0 .a09 

48.9 
31.7 
17 .E 

1.6 

702 
0.636 

52.1 
23.9 
21.6 

2.4 

53 

%06 
1907 

98 
0 

32 

-- 

2.36 
0.832 

92 
16 -- -- 

I .028 
1.473 

336 
0.765 

54.5 
30 .O 
13.7 
1.8 

701 
0.676 

53.9 
23.3 
19.6 
3.2 

aCPU bottoms r ecyc le  o p e r a t i o n  wi th  l i g h t  oil add back except  
i n  Run 52. The l i g h t  oil p a r t i a l  p r e s s u r e  i n  t h e  gas  phase is ex- 
p re s s  d by pL0. 

s l u r r y  (FS).  

t h e  feed s l u r r y .  

'The r a t i o  of flow r a t e  of t h e  product s l u r r y  (PS)  t o  t h e  f e e d  

'The ratio of t h e  H/C r a t i o  of t h e  product s l u r r y  t o  t h a t  of 
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on ly  H2 gas  was p r e s e n t .  When t h e  same s t a r t  up so lven t  was used, t he  MW 
d i s t r i b u t i o n  of t h e  SR w a s  d i s t i n c t l y  lower over  t h e  e n t i r e  run  when ope ra t ing  wi th  
CO than  without  CO and seen  i n  t h e  B3 runs.  

The p a r t i a l  p r e s s u r e s  of hydrogen were h i g h e r  i n  t h e  runs t h a t  used H2 g a s .  Th i s  
r e s u l t e d  i n  g r e a t e r  o v e r  a l l  hydrogenat ion a s  i n d i c a t e d  by somewhat h ighe r  H/C 
va lues  f o r  t h e  l i g h t  o i l  product  and f o r  t he  r a t i o s  of t h e  (H/C r a t i o  of t he  product 
s l u r r y )  t o  t h e  (H/C r a t i o  of t h e  f eed  s l u r r y ) .  The A and PA d a t a  on Tab le  I1 
i n d i c a t e  g r e a t  similarities when o p e r a t i n g  w i t h  and without  CO excep t  when comparing 
t h e  H c o n t e n t  and t h e  hydrogen d i s t r i b u t i o n  of t h e  a spha l t enes .  The a spha l t ene  
f r a c t i o n  from each  coal showed a s i g n i f i c a n t  i n c r e a s e  i n  the H con ten t  ( a l s o  t h e  H / C  
r a t i o )  and in t h e  H ( a l i p h a t i c  hydrogen) con ten t  when CO was used. The 
p reaspha l t enes  had s l i g x t l y  lower H con ten t  b u t  were s l i g h t l y  h ighe r  i n  H 
These r e s u l t s  i n d i c a t e  a t a n g i b l e  b e n e f i t  t o  t he  presence of CO on t h e  hyarogenat ion 
of t h e  a s p h a l t e n e  f r a c t i o n .  

con ten t .  

Conclusions 

Asphal tene and p r e a s p h a l t e n e  d a t a  have been p resen ted  t o  demonstrate  t h e  e f f e c t  of 
temperature ,  p r e s s u r e ,  and reducing g a s  composition on t h e i r  hydrogen and phenol ic  
con ten t .  The p rev ious  paper  by B a l t i s b e r g e r  (r) showed how t h e  hydrogen and 
pheno l i c  con ten t  of t h e  A and PA de f ined  whether o r  not a c o a l  de r ived  product  w i l l  
be  c l a s s i f i e d  as such. The i n f l u e n c e  of p rocess ing  parameters  a s  d i scussed  i n  t h i s  
paper i n d i c a t e s  t h a t  r educ t ion  i n  t h e  number of pheno l i c  f u n c t i o n a l  groups and 
cracking a r e  r e q u i r e d  to  f u r t h e r  convert  a s p h a l t e n e  and p reaspha l t ene  m a t e r i a l  t o  
d i s  t i l l a t  e6 . 

The i n f l u e n c e  of CO on t h e  Ho p o s i t i o n s  of a s p h a l t e n e  a long  wi th  t h e  previously 
d i scussed  d a t a  on CO and wa te r  r e a c t i o n s  has  a s i g n i f i c a n t  e f f e c t  on models 
pos tu l a t ed  f o r  t h e  o r i g i n a l  c o a l  s t r u c t u r e  and on p o s s i b l e  i n i t i a l  s t e p s  in c o a l  
decomposition. Large numbers of hydroxyl f u n c t i o n a l  groups must be presen t  i n  t h e  
c o a l  which w i l l  decompose t o  water  as low as 360'C. However, t h e  hydroxyl  groups 
must be p r i m a r i l y  in a l i p h a t i c 6  o r  a l k y l  s i d e  cha ins  on a romat i c s  t o  s a t i s f y  t h e  
i n c r e a s e  i n  Ho observed i n  r e a c t i o n s  where CO was p re sen t .  This  sugges t s  t h a t  a 
dewater ing r e a c t i o n  o c c u r s  the rma l ly  (wi th  o r  w i thou t  H2 gas )  as ind ica t ed  i n  
Equation 1. 

H 
H O  
I I >36OoC R - C - C - R 
I 1  
H H  

R - C H = C H  - R t HzO 
1) 

Some pheno l i c  f u n c t i o n a l  groups may a l s o  decompose to water. However, hydrogenation 
a t  t h i s  p o s i t i o n  would not r e s u l t  i n  a n  i n c r e a s e  i n  Ho con ten t .  

With carbon monoxide p r e s e n t ,  t h e  o v e r a l l  r e a c t i o n  t o  hydrogenate  t h e  c o a l  
s t r u c t u r e  (wi thou t  obse rv ing  H2 gas  and less wa te r  p roduc t s )  would occur  a s  i n  
Equat ion 2 .  

'H 
H O  H H  2) 

The R-groups would need t o  a c t i v a t e  dewater ing s i n c e  t y p i c a l  a l c o h o l s  such a s  
cyclohexanol  do not  decompose thermally t o  cyclohexene a t  375'C (2). Glycols  such 
as those  found in c e l l u l o s e ,  do decompose t o  wa te r  a t  about  360°C (16). Coal models 
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do not  i nc lude  wa te r  producing f u n c t i o n a l  groups (g,g). However, t h e s e  models 
were prepared t o  r e p r e s e n t  a c o a l  model t h a t  would p r e d i c t  observed p roduc t s  (17) 
and are v a l i d  f o r  r e a c t i o n s  i n  H2 gas .  Also,  c e l l u l o s e  i s  r epor t ed  t o  decompose and 
t h e r e f o r e  i s  considered t o  be absen t .  Indeed,  on ly  0.01% c e l l u l o s e  w a s  ob ta ined  by 
t h e  d i r e c t  e x t r a c t i o n  of a Beulah l i g n i t e  (2). The presence of humic a c i d s  i n  
c o a l s  i s  w e l l  documented (19) .  However, r e s i d u a l  f ragments  of c e l l u l o s e  o r  humic 
a c i d s  incorporated i n t o  t h e c o a l  s t r u c t u r e  may account  f o r  t h e  presence of a l c o h o l  
f u n c t i o n a l  groups.  

That  a l coho l  groups a r e  p r e s e n t  in aromatic  b r idg ing  s t r u c t u r e s  was i n d i c a t e d  i n  
t h e  d a t a  i n  t h i s  r e p o r t  by t h e  decreased MW of SR when processed wi th  CO p r e s e n t  
s i n c e  a f t e r  hydrogenat ion a n  a l i p h a t i c  b r idge  would c l eave  easier. The r a p i d  
thermal  c leavage of biphenylethane (b ibenzy l )  r e l a t i v e  t o  t h e  s t a b i l i t y  of 
biphenylethylene a t  l i q u e f a c t i o n  temperatures  (20) i s  an  analogous s i t u a t i o n .  The 
inc reased  a l i p h a t i c  hydrogen con ten t  i n  t h e  a spha l t ene  f r a c t i o n  when r e a c t e d  w i t h  CO 
may a l s o  i n d i c a t e  t h a t  some a lcoho l  groups were i n i t i a l l y  i n  t h e  a romat i c  b r idges .  
The presence of a l coho l  groups i n  long  cha in  a l i p h a t i c s  has  been i n d i c a t e d  because 
inc reased  y i e l d s  of long c h a i n  a lkanes  were observed when CO was p r e s e n t  (2). 

In conclusion,  t h e  previous d a t a  has  shown how ope ra t ing  c o n d i t i o n s  such a s  
p r e s s u r e  and temperature  a f f e c t s  t h e  hydrogen c o n t e n t ,  pheno l i c  c o n t e n t ,  and 
molecular  weight range of a spha l t ene  and p reaspha l t ene  f r a c t i o n s .  The e f f e c t s  a r e  
r e f l e c t e d  s i m i l a r l y  i n  i n d i v i d u a l  MW f r a c t i o n s  of bo th  A and PA material. The 
presence of a l coho l  groups in o r i g i n a l  c o a l  (bo th  l i g n i t e s  and bituminous c o a l s )  was 
s t r o n g l y  suggested.  The p r e f e r e n t i a l  r e a c t i o n  of t h e s e  a l coho l  groups wi th  CO gas  
( b u t  n o t  H 2 )  t o  i n c r e a s e  t h e  hydrogen con ten t  of t h e  a spha l t enes ,  t o  reduce t h e  
o v e r a l l  MW d i s t r i b u t i o n  of c o a l ,  and t o  i n c r e a s e  y i e l d s  of a lkanes  i n d i c a t e s  t h e  
b e n e f i c i a l  e f f e c t s  of CO as a reduc tan t  of t h e s e  f u n c t i o n a l  groups which are p r e s e n t  
i n  both l i g n i t e s  and bituminous c o a l s .  
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Molecular  Weight, g l m o l e  

Figure 2 .  HPLC-GPLC molecular weight d i s t r ibut ion  of SR (Solvent  MDR) and 
asphaltene f rac t ion  ( so lvent  ex trac t )  of the so lvent  A O l .  Asphaltene extracted from 
a coal-solvent s lurry  ( coa l  ex trac t )  is also depicted.  
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Figure 3 .  Changes i n  the MU dis tr ibut ion  o f  SR with CPU operating temperature. 
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Molecular Weighl, g/rnole 

Figure 4 .  Changes in the MW distribution of the preasphaltenes with CPU operating 
temperature. 
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Figure 5 .  Changes in the hydrogen content of preasphaltene MW-fractions with CPU 
operating temperature. 
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Figure 6 .  Ef fec t  oE operating pressure on the hydrogen content of asphaltene and 
preasphaltene-MW frac t ions .  Data for  unsepacated samples is  indicated by A for 
asphaltenes (8.M) and P for preasphaltenes ( O , @ ) .  
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Figure 7. Effec t  of operating pressure on the OH content of preasphaltene-MW 
frac t ions .  Unseparated sample data i s  represented a s  V. 
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SOLUBILITY PARAMETER RELATIONSHIPS BETWEEN 
LIGNITE DERIVED ASPHALTENES AND PREASPHALTENES 

R.J. Ba l t i sbe rge r ,  N.F. Woolsey, J.F. Schwan, G. Bo l ton  and C.L. Knudson 

Department o f  Chemistry and U n i v e r s i t y  o f  Nor th  Dakota Energy Research 
Center, U n i v e r s i t y  o f  Nor th  Dakota, Grand Forks, North Dakota 58201 

INTRODUCTION 

I n  a d d i t i o n  t o  the  d i s t i l l a b l e  p roduc ts  a s i zeab le  p o r t i o n  o f  t h e  low rank 
coal  l i q u e f a c t i o n  produc ts  f a l l  i n t o  asphal tene and preasphal tene ca tegor ies .  
Asphaltenes are  genera l l y  de f i ned  as those components i n  pe t ro leum o r  coal  
l i q u i d s  which under s p e c i f i c  e x t r a c t i o n  ccnd i t i ons  a re  so lub le  i n  benzene o r  
to luene  b u t  i n s o l u b l e  i n  pentane o r  hexane (1,Z). Preasphaltenes are  those 
components t h a t  a r e  so lub le  i n  p y r i d i n e  o r  t e t rahyd ro fu ran  b u t  a re  i n s o l u b l e  i n  
benzene o r  to luene. Farcas iu  e t  a l .  (3) proposed t h e  name, aspha l to l s ,  f o r  
t h i s  l a t t e r  c lass  o f  compounds because o f  t h e  p o l y f u n c t i o n a l  n a t u r e  o f  these 
ma te r ia l s .  I n  t h e i r  work i t  was concluded asphal tenes a r e  p r i m a r i l y  
monofunct ional  compounds w h i l e  preasphal tenes a re  po ly func t i ona l  as determined 
by comparison o f  s e l e c t i v e  e l u t i o n  sequent ia l  chromatographic f r a c t i o n s  and 
model compounds us ing  t h i n  l a y e r  chromatography (g,!). Preasphaltenes are 
formed i n  the  i n i t i a l  stages o f  coal  l i q u e f a c t i o n  where t h e i r  fornat. ion may be 
respons ib le  f o r  t h e  h i g h  v i s c o s i t y  o f  t he  products and f o r  o t h e r  processing 
d i f f i c u l t i e s  (5). The preasphaltenes, on a we igh t  bas is ,  produce a v i s c o s i t y  
about tw ice  t h a t  f o r  t h e  asphal tene f r a c t i o n  (5).  

Comparison o f  t he  s t r u c t u r a l  f ea tu res  o f  asphal tenes and preasphal  tenes 
show major d i f f e rences  between t h e  two s o l u b i l i t y  ca tegor ies  occur  w i t h  (1) 
t h e i r  molecular we igh t  d i s t r i b u t i o n s ,  (2 )  t h e  f r a c t i o n  o f  t o t a l  carbon present  
as aromat ic carbons, ( 3 )  t h e  f r a c t i o n  o f  t o t a l  aromat.ic carbon p resen t  as edge 
aromat ic carbons, ( 4 )  t h e  f r a c t i o n  o f  oxygen present  as pheno l ic  and e t h e r a l  
oxygen atoms, and ( 5 )  t h e  r e l a t i v e  amount o f  hydrogen t o  pheno l ic  con ten t  based 
on a per gram o f  t o t a l  sample. O f  a l l  of these parameters a s imple 
r e l a t i o n s h i p  o f  hydrogen and pheno l ic  oxygen conten t  has been found t o  
e s t a b l i s h  the  s o l u b i l i t y  o f  asphal tene and preasphal tene samples. The 
i n t e r r e l a t i o n s h i p  between s t r u c t u r a l  parameters w i l l  be discussed i n  t h i s  paper 
and i n  a subsequent paper ( 6 )  t h e  r e l a t i o n s h i p  of these parameters t o  process 
cond i t i ons  w i l l  be discussed: 

EXPERIMENTAL 

L ique fac t i on  samples were ob ta ined f rom t h e  U n i v e r s i t y  o f  Nor th  Dakota 
Energy Research Center ( f o r m e r l y  the  Grand Forks Energy Technology Center) .  
The r e a c t o r  cond i t i ons  a re  descr ibed i n  Table 1. The samples were i s o l a t e d  

1 i n t o  asphaltene and preasphal tene f r a c t i o n s  us ing  exhaust ive  e x t r a c t i o n  
techniques w i t h  to luene and te t rahyd ro fu ran  , respec t i ve l y .  

The asphaltene and preasphal tene samples were f u r t h e r  separated us ing  a 
p repara t i ve  sca le  GPC column composed o f  50 mm i d  x 120 cm g lass  column packed 
w i t h  Bio-Beads S-X3 (200-400 mesh) s t y rene-d i v iny l  benzene copolymer. P r i o r  t o  
GPC separa t ion  a l l  samples were ace ty la ted  w i t h  C-14 l abe led  a c e t i c  anhydr ide 
i n  o rder  t o  conver t  a l l  hydroxy l  groups t o  ace ta te  f o r  m in im iza t i on  o f  hydrogen 
bonding du r ing  GPC f r a c t i o n a t i o n .  Elemental analyses were performed t o  
determine elemental composition. Oxygen was determined by  d i f f e r e n c e  a f t e r  

1 
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c o r r e c t i o n  f o r  l a b e l e d  ace ta te  p resent .  The pheno l ic  hydroxy l  con ten t  was 
measured by combustion and C-14 count ing  conten t  o f  r e s u l t i n g  C02. Number 
average molecu la r  weight.s o f  t he  samples were measured us ing  a Model 117 Vapor 
Pressure Osmometer u s i n g  p y r i d i n e  as t h e  so l ven t  a t  75°C. I n  normal runs, 2-3 
concent ra t ions  over  a range of  1 t o  50 g /Kg.o f  p y r i d i n e  were employed f o r  
e x t r a p o l a t i o n  t o  i n f i n i t e  d i l u t i o n .  

RESULTS AND DISCUSSION 

The chemical compos i t ion  and s t r u c t u r a l  f ea tu res  o f  a number o f  over  100 
d i f f e r e n t  l i g n i t e  and bi tuminous coa l  l i q u e f a c t i o n  asphaltene and preasphal tene 
samples were measured. The o v e r a l l  percentage by we igh t  o f  t h e  s t a r t i n g  coal 
f a l l i n g  i n t o  e i t h e r  t h e  asphal tene o r  preasphal tene c lass  and cond i t i ons  o f  
p repara t i on  a re  g i ven  i n  Table 1. I n  t h e  case o f  t h e  15 and 26 se r ies  samples 
i n s u f f i c i e n t  da ta  a r e  a v a i l a b l e  t o  c o r r e c t  t h e  percentages t o  a maf basis.  The 
bas i c  a n a l y t i c a l  d a t a  f o r  t h e  asphal tenes and preasphal tenes s tud ied  by 
B a l t i s b e r g e r  e t .  a l .  ( 7 )  a r e  summarized i n  Table 2. The th ree  most s i g n i f i c a n t  

t he  aromat ic carbons. 
s t ruc tu ra !  factor: a r c t h e  mc!ecu!ar weight,  oxyge:: f.;nctfon;l i t y  2nd n a t i r e  0: 

A. S o l u b i l i t y  Parameter Re la t ionsh ips  
The l i g n i t e  and coal  der ived  produc ts  were ob ta ined ove r  a range o f  

temperatures from 400" t o  480°C, under hydrogen o r  hydrogen-carbon monoxide 
pressures from 1500 t o  4000 p s i  and va r ious  donor so l ven t  cond i t ions .  The 
samples were f r a c t i o n a t e d  i n t o  asphal tenes and preasphal tenes by so lvent  
e x t r a c t i o n  us ing  to luene  and te t rahyd ro fu ran  (THF). The e x t r a c t s  were f u r t h e r  
f r a c t i o n a t e d  by p r e p a r a t i v e  GPC techniques. The i s o l a t e d  f r a c t i o n s  were then 
analyzed f o r  elemental  composi t ion,  number average molecu la r  we igh t  by VPO 
us ing  p y r i d i n e  as t h e  so l ven t  , hydroxy l  oxygen conten t  by a c e t y l a t i o n  
procedures and carbon s t r u c t u r e  by NMR techniques. 

P l o t s  o f  mole f r a c t i o n  o f  hydrogen; mole r a t i o  o f  H/C; mole r a t i o  o f  
H/(C+N+O+S); mole r a t i o  edge aromat ic carbons/aromat ic carbons, Haru/Car; o r  

moles hydrogen per  100 g sample were cons t ruc ted  versus the  pheno l ic  oxygen 
conten t  i n  OH moles/100 g sample o r  mole f r a c t i o n  o f  OH. A l l  t h e  p l o t s  show a 
s i m i l a r  d i f f e r e n t i a t i o n  between asphal tenes and preasphal tenes as i l l u s t r a t e d  
i n  F igure  1 f o r  t he  moles o f  hydrogen pe r  100 g sample. The separa t i on  o f  t h e  
asphaltene (87%) and preasphal tene (84%) samples f a l l  i n t o  two d i s t i n c t  regions 
of t h e  graph. The p o r t i o n  o f  samples t h a t  d i d  no t  f i t  were p r i m a r i l y  low 
molecular we igh t  p reaspha l tene and h igh  molecu la r  we igh t  asphal tene samples. 
Th is  i s  p robab ly  due t o  imper fec t i ons  i n  t h e  s o l u b i l i t y  separa t ion ,  For 
example, p a r t  o f  t h e  asphal tene f r a c t i o n s  may have become trapped by adsorp t ion  
processes i n  the  preasphal tene p o r t i o n s  du r ing  the e x t r a c t i o n  process. 
S te f fgen  e t  a l .  (1) have shown t h a t  g r e a t  care  must be taken du r ing  the  
f r a c t i o n a t i o n  o f  o i l  f r om asphal tene samples. It would be expected t h a t  g rea t  
care should be exe rc i sed  du r ing  t h e  separa t ion  o f  asphal tene and preasphal tene 
samples. Equat ion 1 g ives  t h e  f i t  f o r  t h e  d i v i d i n g  l i n e  added t o  F igu re  1. 

Z = H% - (0.486 f 0.008) OH mmole/g - (4.47 f .02) (1) 

Asphaltenes samples l i e  above t h e  l i n e  g i v i n g  p o s i t i v e  Z values w h i l e  
preasphal tene samples g i ve  negat ive  values. Samples which f i t  t h e  wrong 
ca tegory  a re  i n d i c a t e d  by a n  X under t h e  VTRA column o f  Table 2 .  The bes t  
d i f f e r e n t i a t i o n  occur red  f o r  t he  p l o t  o f  molar d e n s i t y  o f  moles H/100 g ( w t  % 
hydrogen) versus moles OH/100 g. Parameters which i nc lude  p a r t s  o f  t h e  t o t a l  
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data o r  terms c a l c u l a t e d  f rom p a r t s  o f  t h e  da ta  gave more m ix ina  o f  t h e  
asphaltene and preasphal tene po in ts .  The most mix ing  occurred f o r  H/C (F igu re  
2)  o r  Haru/Car (F igu re  3 )  versus moles OH/100 g p l o t s .  Less mix ing  occur red  
fo r  H/(C+N+O+S) w h i l e  the  bes t  d i f f e r e n t i a t i o n  r e s u l t e d  when moles H / t o t a l  
sample w t  were used. C o r r e l a t i o n  c o e f f i c i e n t  values (r va lues)  computed us ina  
an I B M  s t a t i s t i c a l  ana lys i s  package a re  presented i n  Table 3. Over lap o f  t h e  
d i s t i n c t  regions shown i n  F igures  1 throuph 3 increased w i t h  t h e  decreasing 
c o r r e l a t i o n  o f  t he  parameter w i t h  mole f r a c t i o n  o f  hydrogen. Phenol ic oxygen 
conten t  have e s s e n t i a l l y  w i th  no l i n e a r  c o r r e l a t i o n  w i th  hydrogen con ten t  f o r  
asphaltene ssmples w h i l e  preasphal  tene samples show some c o r r e l a t i o n  (see 
F igure  4). 

For t h e  d i s s o l u t i o n  o f  a compound, A, i n t o  a solvent;  t he  molar s o l u b i l i t y  

( 2 )  
-F 

A(so1id) + A ( l i q ]  

of  A i s  a func t i on  o f  t h e  a c t i v i t y  c o e f f i c i e n t ,  yA, where K O  would be t h e  

K O  

S o l u b i l i t y  = S = - 
Y P  

thermodynamic s o l u b i l i t y  cons tan t  f o r  equat ion  1. From s o l u b i l i t y  parameter 
theory  f o r  regu la r  s o l u t i o n s  t h e  a c t i v i t y  c o e f f i c i e n t ,  y. ,  f o r  a s o l u t e  i 
d i s s o l v i n g  i n t o  s o l v e n t  j i s  g iven  by Equat ion 3 (E), whera 6 i s  t he  va lue  o f  
the  H i ldebrand s o l u b i l i t y  parameter o f  t h e  so l ven t  o r  s o l u t e  and Vi i s  t h e  

RTlnyi = Vi(6i-6.) 2 
3 (3) 

molar volume o f  t h e  so lu te .  For maximum s o l u b i l i t y  t he  a c t i v i t y  c o e f f i c i e n t  
should approach u n i t y  and thus  i t  i s  d e s i r a b l e  t o  have 6i = 65. The r u l e  o f  
thumb used i n  organic chemis t ry  i s  t h a t  ' l i k e  d i s s o l v e  l i k e ' .  The s o l u b i l i t y  
reg ions  de f ined by F igu re  1 suggest t h a t  t.he o rd ina te ,  hydrogen t o  o t h e r  
elements, i s  a f u n c t i o n  o f  t h e  II and d i spe rs i ve  i n t e r a c t i o n s  of t h e  coa l  ma t te r  
w h i l e  t h e  abscissa, mmoles OH/g, i s  a f u n c t i o n  o f  t h e  hydrogen bonding. 
C l e a r l y  t h e  t o t a l  hydrogen and hydroxy l  con ten ts  a re  dec i s i ve  parameters f o r  
e s t a b l i s h i n g  the  benzene o r  THF s o l u b i l i t y  o f  t h e  coal  ma te r ia l s .  

Equat ion 3 p r e d i c t s  an inc rease o f  t h e  s o l u b i l i t y  a c t i v i t y  c o e f f i c i e n t  
w i th  inc reas ing  molar  volume o f  t h e  so lu te .  Several at tempts were made t o  
i nc lude  V .  i n  the c o r r e l a t i o n s  by p l o t t i n g  l o g  (H/C + VW) o r  l o g  (H/C + M W / l O )  
versus t h &  a c i d i t y  o f  t h e  samples. Th is  approach always mixed t h e  asphal tene 
and preasphal tene regions. Asphal tenes and preasphal  tenes have cons iderab le  
over lapp ing  o f  t h e  molecu la r  we igh ts  a l though on t h e  average t h e  t o t a l  
preasphal tene sample i s  severa l  hundred grams/mole h i g h e r  f o r  t h e  same process. 

) We observed f o r  a l l  s e r i e s  o f  preasphal tene samples ob ta ined f rom t h e  same 
process cond i t ions  t h a t  t h e  molecu la r  we igh t  inc reased as t h e  H/C  mole r a t i o  
decreased (see F igu re  4). The molecu la r  we igh ts  o f  each f r a c t i o n  o f  t h e  

\ preasphal tenes and asphal tenes from runs 46 and 32 a re  shown on F igu re  4 so t h e  
over lap  of t h e  molecu la r  we igh t  ranges can be observed. Asphal tene samples 
show t h a t  molecular we igh ts  a re  v i r t u a l l y  independent o f  t h e  H/C r a t i o  and tha t  
the  a c i d i t y  changes occur i n  no rep roduc ib le  way. The major  d i f f e r e n c e  shown 
i n  F igu re  4 i s  t he  removal o f  pheno l ic  oxygen when going t o  r e c y c l e  cond i t i ons  
( ruc  46) as opposed t o  those w i t h o u t  bottoms r e c y c l e  ( r u n  32) .  Other oxygen i s  
a l s o  lowered by t h e  recyc le  cond i t i ons  a l though t h i s  f a c t o r  i s  n o t  apparent i n  
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t h e  f igure .  Th is  
behavior i s  rep resen ta t i ve  o f  a l l  t h e  samples when i n d i v i d u a l  runs are 
compared. Recause o f  t h e  d i f f e r e n t  mo lecu la r  we igh t  r e l a t i o n s h i p s  f o r  
asphaltene and preaspha l tene samples, i t  i s  n o t  s u r p r i s i n g  t h a t  molecular 
we igh t  terms can n o t  c o r r e l a t e  d i r e c t l y  i n  t h e  s o l u b i l i t y  p l o t s  such as F igure  
1. 

P l o t s  o f  t h e  mole f r a c t i o n  of hydrogen o r  Haru/Car versus a c i d i t y  are no t  

as e f f e c t i v e  i n  d e f i n i n g  t h e  s o l u b i l i t y  reg ions  as i s  t h e  graph o f  mole 
f r a c t i o n  hydrogen. A majo r  c o n t r i b u t i n g  f a c t o r  i n  these c o r r e l a t i o n s  i s  due t o  
t h e  r e l a t i o n s h i p  between a r o m a t i c i t y  and condensat ion and t h e  carbon t o  
hydrogen mole r a t i o .  The f r a c t i o n  o f  a romat ic  carbons i s  de f i ned  by equat ion 4 

The mo lecu la r  we igh t  da ta  f o r  F igu re  4 i s  g i ven  i n  Table 4. 

(4) 

where C/H i s  t h e  carbon t o  hydrogen mole r a t i o  and H*,, i s  t h e  mole f r a c t i o n  o f  

a l i p h a t i c  hydrogens i n  t h e  sample as determined by NMR measurements (2). The 
condensation i s  represented  by t h e  number of h y p o t h e t i c a l  edge aromat ic carbons 
(Earu) pe r  t o t a l  a romat ic  carbons (Car) as def ined by equat ion  5, 

U I  

+ H*,,/2 + (OH + 2 O) /H 
( 5 )  

H*ar 

Fa (C/H) 
Haru /Car  = 

I n  equat ion 5 ,  H*ar corresponds t o  t h e  mole f r a c t i o n  of a romat ic  p ro tons  as 
determined by NMR and t h e  oxyaen terms a r e  mole r a t i o s  t o  t o t a l  hydrogen ( 9 ) .  
The magnitude o f  b o t h  fa and H,rU/Car a r e  determined t o  a l a r g e  e x t e n t  by The 

C/H r a t i o .  However, t h e  s o l u b i l i t y  of a molecule must be determined by 
add i t i ona l  f a c t o r s  as w e l l  as t h e  percentage and condensation o f  t h e  aromatic 
carbons. 

Oxygen comprises 4 t o  8% of t h e  sample by we igh t  and i s  40 t o  70% pheno l ic  
depending on the  s o l u b i l i t y  category.  Table 5 shows t h e  percentage o f  oxygen 
as pheno l ics  and e thers .  For  most of t h e  r e c y c l e  samples preasphaltenes 
con ta in  40-50% o f  t h e  oxygen as pheno l i cs  w h i l e  asphal tenes a re  60-75% 
phenol ic.  On t h e  o t h e r  hand, non- recyc le  cond i t i ons  l ead  t o  n e a r l y  equal 
amounts of e t h e r a l  and pheno l i c  oxygen f o r  bo th  asphal tene and preasphal tene 
samples. On ly  t h e  pheno l i c  conten t  of t h e  samples i s  taken i n t o  account i n  the  
abscissa. The e t h e r  con ten t  undoubtedly has an i n f l uence  on t h e  s i ze ,  shape 
and T-T i n t e r a c t i o n s  o f  t h e  aromat ic  systems. Thus, t h e  i n c l u s i o n  o f  oxygen 
conten t  w i th  the  o r d i n a t e  b e t t e r  c o r r e l a t e s  t h e  d i spe rs i ve ,  s i z e ,  shape and VT 

i n t e r a c t i o n s  of t h e  molecules. Another f a c t o r  i n f l u e n c i n g  s o l u b i l i t y  would be 
t h e  na ture  o f  t h e  a l i p h a t i c  carbons. L i q u e f a c t i o n  under hydrogen alone tends 
t o  produce asphal tenes and preasphal tenes wi th ( s h o r t e r  average a1 i p h a t i c  chain 
l e n g t h )  than do hydrogen-carbon monoxide systems (IO). Lacking i n c l u s i o n  of a 
s p e c i f i c  t e rm f o r  t h e  l eng th  o f  t h e  a l i p h a t i c c h a i n s ,  t h e  i n f l u e n c e  of 
a l i p h a t i c  carbons i s  b e s t  taken i n t o  account us ing  t h e  t o t a l  moles o f  hydrogen 
i n  t h e  abscissa. N i t rogen  conten ts  a re  g e n e r a i i y  smai i  and eveniy d i s t r i b u t e d ,  
except f o r  a s i zeab le  f r a c t i o n  of low MW preasphal tenes t h a t  had appreciably 
h ighe r  values. S u l f u r  con ten ts  a re  a l s o  smal l  and b o t h  asphaltene and 
preasphal tene conten ts  appear t o  respond s i m i l a r l y  t o  p rocess ing  cond i t ion .  
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CONCLUSIONS 

Comparison o f  t h e  t o t a l  f r a c t i o n s  of  t h e  preasphal tenes and asphal tenes of  
t h e  same process show t h e  fo l l ow ing .  

F i r s t ,  preasphal tene samples inc rease i n  t h e  f r a c t i o n  o f  a romat ic  carbons 
, and degree o f  condensation w i t h  i nc reas ing  molecu la r  weight.  Asphaltenes 

samples, on the  o t h e r  hand, inc rease i n  t h e  f r a c t i o n  o f  aromat ic carbons w i t h  
decreasing molecular we igh t .  The degree o f  condensat ion maximizes a t  h igh  and 
low molecules weight values. 

Second, asphal tene samples have lower  fa and h ighe r  Haru/Car va lues  than 
t h e  preasphal tenes. Asphal tenes con ta in  fewer condensed aromat ic molecules 
than do t h e  preasphaltenes. 

Th i rd ,  t h e  pheno l ic  a c i d  conten t  i s  lower  f o r  t h e  asphal tene samples i n  
general .  Th is  a c i d i c  p r o p e r t y  works i n  combinat ion w i t h  t h e  t o t a l  hydrogen 
conten t  t o  u l t ima t ,e l y  determine i n t o  which s o l u b i l i t y  ca tegory  a sample may 
f a l l .  

Fourth,  Table 3 shows t h a t  t he  r e c y c l e  preasphal tene samples con ta in  a 
h ighe r  percentage o f  oxygen and much o f  t h a t  i s  due t o  increased o t h e r  (ncln 
pheno l ic )  oxygen, poss ib l y  i n  e thers .  Recycle asphal tene samples con ta in  about 
60-70% pheno l ic  oxygen, w h i l e  preasphal tenes c o n t a i n  4 0 4 0 %  pheno l i c  oxygen. 
Non-recycle cond i t i ons  l e a d  t o  h ighe r  t o t a l  oxygen conten ts  o f  bo th  ca tegor ies  
and t o  nea r l y  the  same d i s t r i b u t i o n  between asphal tene and preasphal tene 

> samples. Recycl ing o f  t h e  vacuum bottom leads t o  an e the ra l  oxygen removal. ' Th is  i s  p robab ly  one reason f o r  t h e  success o f  t h e  p l o t  of mole f r a c t i o n  of 
t o t a l  hydrogen versus pheno l ic  conten t  r a t h e r  than t h e  p l o t  o f  HarU/Car versus 
pheno l ic  conten t  g i ves  a b e t t e r  separa t ion  o f  asphal tene and preasphal tene 
samples. The mole f r a c t i o n  o f  t he  hydrogen t e r n  takes  i n  account the oxygen 
conten t  o f  t he  sample f u r t h e r  separa t ing  t h e  reg ions  o f  F igu re  1. 

F i f t h ,  mo lecu la r  we igh t  ranges o f  t h e  two ca tegor ies  over lap .  When a 
number o f  samples w i t h i n  a narrow range was examined, one observed t h a t  t he  
m a j o r i t y  o f  t h e  preasphal tenes l i e  i n  a ranae from 600 t o  2500 g/mol w h i l e  the  
asphal tenes l i e  between 300 t o  600 g/mol. Preasphal tene samples inc reased i n  
pheno l ic  conten t  wi th decreasing molecu la r  we igh t  (see F igu re  4 ) .  Asphaltene 
samples show random pheno l ic  conten t  w i t h  mo lecu la r  we igh t .  However, i n c l u s i o n  
o f  t h e  molecular we igh t  d i r e c t l y  i n  a s o l u b i l i t y  p l o t  s i m i l a r  t o  F igu re  1 was 
n o t  successful .  

For the  l i g n i t e  process samples s tud ied ,  t h e  d i f f e r e n t i a t i o n  o f  t h e  
asphal tene and preasphal tene samples f o l l o w  equat ion  1 r a t h e r  w e l l  f o r  over  80% 
o f  t h e  samples. Hydrogen and pheno l ic  conten t  seem t o  be t h e  o n l y  parameters 
needed t o  spec i f y  i n t o  which s o l u b i l i t y  category t h e  hexane i n s o l u b l e  p o r t i o n s  
fnon d i s t i l l a b l e )  o f  a l i g n i t e  l i q u e f a c t i o n  process may l i e .  The i m p l i c a t i o n  
i s  t h a t  i t  i s  des i reab le  t o  lower  the  pheno l i c  oxygen conten t  w h i l e  r a i s i n g  the  
H/C  mole r a t i o  du r ing  l i q u e f a c t i o n .  
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Table 2. S t ruc tu ra l  Features of Asphaltene Samples 

W t  % 
FillN PER F I C T  UTKT Wb C H N 0 S W 

15 $ 
15 
15 5 
15 2 
15 2 
15 2 
15 2 
15 2 
15 2 
15 2 
26 7 
26 7 
26 7 
26 7 
26 7 
26 7 
26 7 
26 7 
26 7 
26 1 1  
26 I 1  
26 I1 
26 11 
26 11 
26 1 1  
26 1 1  
36 I f  
26 11 
26 11 
32 3 

32 3 
32 3 
3 2 3  
32 3 
9 3 
32 3 
34 4 
34 4 
34 4 
34 4 
3 4  
34 4 
3 4 4  

34 4 
41 14 
41 14 
41 14 
41 14 
41 14 
41 14 
41 14 
41 14 
44 12 
45 15 
46 16 
46 16 
46 16 

46 16 
53 18 
58 15 
69 12 

Zb 

E 

34 4 

2 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
0 
I 
2 
3 
4 
5 
6 
7 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
0 
I 
2 
3 
4 
5 
6 
7 
8 
0 
1 
2 
3 
4 
5 
6 
7 
8 
0 
1 
2 
3 
4 
!?A 
58 
X 
0 
0 
0 
1 
2 
3 
: 
5 
0 
0 
0 

! 

100.00 . 
5.33 . 
5.37 . 
8.52 . 
12.58 . 
15.02 . 
13.83 . 
4.35 . 
1.05 . 
8:50 i 
8.50 X 
9.70 Y 
9.70 . 
13.90 . 
19.00 . 
Y.W . 
2.50 . 
2190 i 
3.30 . 
6.00 . 
11.00 . 
15.00 , 
30.00 . 
14.80 
22.30 i 
8.60 X 
97.00 . 
3.10 . 
5.60 . 
6.90 . 
9.80 . 
14.80 , 

22.20 . 
12.10 * 
94.00 , 
2.80 . 
5.30 , 
7.30 . 

10.80 . 
16.40 
21.70 i 
20.60 . 
12.00 . 
100.00 , 
10.80 . 
5.40 . 
7.30 . 
11.40 . 
23.30 . 
28.50 
13.40 j (  
100,00 , 
100.00 . 
100.00 . 
9.20 . 
22.90 , 

16.20 j (  
100.00 , 
100.00 . 
100.00 . 

20.94 . 
100 00 

1?.?0 . 
100 00 

20.90 . 

212 - 

1.853 0.872 0.852 
1.974 0.925 0.855 
1.5% 0.809 0.671 
2.104 0.862 0.748 
2.355 0.883 0.827 
2.747 0.940 0.922 
2.235 0.895 0.887 
1.121 0.820 0.780 
0.410 0.736 0.691 
0.170 0.714 0.638 
1.241 0.720 0.700 
1.231 0.669 0.640 
1.241 0.644 0.W 
1.282 0.640 0.619 
1.412 0.689 0.664 
1.763 0.739 0.740 
1.k92 0.717 0.710 
0.620 0.693 0.655 
0 . lW 0.639 0.631 
0.110 0.655 0.676 
1.221 0.804 0.756 
1.282 0.665 0.592 
1.282 0.713 0.628 
1.342 0.729 0.617 
1.442 0.791 0.694 
1.833 0.794 0.734 
1.602 0.806 0.804 
0.330 0.748 0.704 
9.000 0.695 0.662 
3.000 0.625 0.591 
2.571 0.846 0.808 
1.834 0.783 0.648 
2.043 0.791 0.697 
2.164 0.824 0.696 
2.335 0.864 0.793 
2.792 0.873 0.808 
3.424 0.900 0.916 
2.861 0.867 0.924 
0.970 0.771 0.767 
3.107 0.861 0.658 
2.221 0,815 0.614 
2.471 0.805 0.638 
2.663 0.831 0.691 
2.969 0.854 0.736 
3.502 0.884 0.815 
4.377 0.890 0.909 
2.736 0.856 0.863 
0.682 0.786 0.751 
1.570 0.911 0.762 
1.493 0.849 0.661 
1.532 0.536 0.691 
1.593 0.973 0.713 
1.842 0.971 0.784 
2.094 0.977 0.815 
0.985 0.856 0.740 
6.203 0.665 0.613 
0.962 0.755 0.694 
1.599 0.865 0.759 
1.136 0.7W 0.704 
1.247 0.765 0.607 
1.M4 0.857 0.727 
1.124 0.848 0.771 
0.399 0.751 0.697 
5-33 0.650 0.621 
0.940 0.765 0.682 
1.339 0.826 0.750 
1.012 0.809 0.709 

36.3 48.3 12.4 0.7 
27.3 45.1 24.4 0.9 
22.3 40.3 33.8 0.1 
23.4 42.6 30.5 0.4 
25.9 48.7 21.5 0.4 
28.1 50.8 16.7 0.6 
33.7 50.6 12.1 0.6 
46.5 47.4 4.2 1.1 
56.' 38.4 4.4 0.9 
61..' 28.1 9.9 0.9 
54.9 38.1 4.7 0.2 
50.1 30.6 16.6 -0.4 
50.8 34.2 12.3 -0.4 
51.5 36.6 9.0 -0.5 
50.5 37.5 9.2 -0.2 
51.6 44.1 1.0 0.0 
54.5 41.6 1.0 0.1 
62.6 32.4 3.7 0.5 
74.5 20.9 4.3 0.2 
78.7 16.5 4.5 0.2 
46.8 41.3 9.9 0.8 
37.4 36.2 23.6 -0.5 
37.9 35.0 24.5 -0.1 
24.7 47.4 25.2 -0.0 
37.1 37.6 22.8 0.4 
38.0 42.3 16.4 0.2 
46.4 k8.k 2.5 0.6 
56.0 39.5 3.9 1.0 
69.9 27.4 2.6 -3.5 
78.5 17.9 3.5 -1.1 
40.9 39.7 15.2 0.2 
33.3 30.9 32.4 0.1 
35.3 34.2 26.8 0.0 
32.2 34.6 29.4 0.3 
32.5 41.8 21.7 0.4 
31.7 43.2 20.5 0.3 
34.5 49.7 10.3 0.1 
40.3 55.0 -0.0 0.2 
56.8 41.6 -0.0 0.8 
40.1 43.7 11.0 0.0 
27.8 29.6 38.7 0.2 
29.9 32.4 33.4 0.0 
31.1 34.2 30.2 0.1 
30.5 38.5 26.1 0.1 
31.5 42.9 20.0 0.0 
33.7 50.9 8.3 -0.4 
42.2 48.6 4.8 0.3 
56.2 38.4 4.2 1.1 
37.4 34.1 26.1 1.4 
29.1 31.7 36.7 0.8 
23.2 27.8 46.9 1.8 
23.8 32.2 41.7 1.7 
27.5 36.0 33.9 1.6 
30.4 35.9 30.7 1.5 
42.7 35.6 20.2 1.4 
69.2 23.5 7.3 -2.4 
54.2 31.0 13.1 0.6 
43.8 35.4 18.3 1.1 
54.5 29.2 14.4 0.9 
40.5 24.0 33.3 0.4 
38.9 33.6 25.1 1.0 
47.1 37.3 13.8 1.3 
62.5 29.8 7.0 1.1 
81.1 15.1 3.7 -2.0 
54.5 30.1 13.7 0.7 
52.0 31.9 13.9 1.0 
48.9 31.7 17.8 1.0 
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J 
I Table 2 .  Structural Features o f  Preasphaltene Samples 

KW PER FWT 

15 2 
15 2 
15 2 
15 2 
15 2 
15 2 
15 2 
15 2 
15 2 
15 2 
15 2 
15 2 
26 7 
26 7 
26 7 
26 7 
26 7 
26 7 
26 7 
26 7 
26 7 
26 7 
26 I1  
26 I1  
26 11 
26 I 1  
26 I 1  
26 I1 
26 1 1  
26 1 1  
32 3 
32 3 
32 3 
3 2 3  
32 3 
32 3 
52 3 
3 2 3  
32 3 
34 4 
34 4 
34 4 
34 4 
3 4 4  
34 4 
::4 4 
41 14 
41 14 
41 14 
41 14 
41 14 
41 14 
44 12 
45 15 
46 16 
46 16 
46 16 
46 16 
46 16 

1 46 16 
53 18 
9 15 
09 12 

t 

1 
10 
1 1  
12 
2 
3 
4 
5 
6 
7 
8 
9 
1 
10 
2 
3 
4 
5 
6 
7 
8 
9 
1 
2 
3 
4 
5 
6 
7 
8 
0 
1 
2 
3 
4 
5 
6 
7 
8 
0 
I 
2 
3 
4 
5 
6 
0 
1 
2 
3 
4 
5 
0 
0 
0 
1 
2 
3 
4 
5 
0 
0 
0 

Wt % 
WTPCTVTRfib C H N 0 S Mpo 

15 40 
1.25 . 
0.60 . 
26.44 . 
17.32 . 
7.36 . 
7.11 . 
7.70 . 
4.27 
6.78 i 
3.85 x 
8.49 . 
2.40 . 
23.36 . 
19.60 . 
13.52 . 
8.40 . 
7.84 . 
6.08 
4.96 i 
4.96 X 
21.68 . 
31.24 . 
22.22 * 
9.17 
3.03 j ,  
1.86 x 
0.78 . 
0.15 . 
97.00 . 
16.20 . 
19.90 . 
13.30 . 
12.40 . 
13.00 . 
11.30 . 
8.80 
2.70 j ,  
97.00 . 
13.60 I 

24.30 . 
13.90 . 
12.20 I 

12.60 . 
9.80 . 

100.00 , 
21.40 . 
16.60 . 
26.10 . 
24-10 
11.80 i 
100.00 . 
100.00 . 
100.00 . 
15.50 . 
14.40 . 
23.10 * 
25 60 
100.00 . 
100.00 . 
100.00 . 

1:92 i 

21:30 i 

80.47 4.95 1.59 
88.58 6.21 0.53 
75.01 4.88 0.24 
M.88 5.21 0.35 
80.50 4.78 1.40 
80.36 4.79 1.31 

78.48 5.52 0.95 
78.15 5.79 0.97 
78.03 6.01 1.00 
79.57 6.26 1.12 
82.17 6.42 0.84 
83.86 4.74 2.01 
91.68 5.69 0.31 
85.31 4.66 1.73 
83.91 4.74 1.47 
82.80 5.02 1.36 
82.69 5.46 1.29 
81.63 5.74 1.20 
83.98 6.03 1.09 
88.06 6.16 0.49 
90.61 6.05 0.32 
85.79 4.61 1.49 
86.03 4.73 1.34 
85.67 4.79 1.35 
84.88 4.82 1.32 
84.81 5.54 0.93 
90.56 5.56 0.36 
91.23 5.28 0.23 
91.32 5.27 0.61 
83.22 5.06 2.16 
83.78 4.53 2.30 
83.38 4.70 2.40 
82.37 4.95 2.15 
83.01 5.07 2.39 
81.25 5.36 1.94 
80.25 5.56 1.88 
76.52 6.04 1.95 
83.95 6.25 2.53 
83.49 5.07 2.15 
83.58 4.55 2.73 
83.58 4.72 2.44 
82.98 5.03 2.57 
82.50 5.18 2.26 
81.24 5.30 1.96 
80.53 5.40 2.00 
85.27 5.17 1.98 
86.72 4.47 1.56 
85.00 4.73 2.01 
84.48 5.02 1.91 
83.96 5.51 1.81 
86.90 6.02 1.65 
65.58 5.28 1.57 
88.48 4.85 1.44 
87.64 4.'12 2.03 
87.16 4.28 1.90 
86.52 4.46 1.81 
86.64 4.93 1.58 
87.29 5.60 1.41 
85.80 4.55 2.28 
86.68 5.05 2.50 
86.56 4.88 2.47 

80.04 5-14 0.98 

87.76 4.90 1.44 

12.42 0.56 2716 
18.98 0.88 272 
8.68 0.88 272 
12.70 0.61 2497 
13.54 0.00 2055 
13.31 0.53 1228 
14.53 0.52 823 
14.55 0.53 619 
14.38 0.58 459 
12.06 0.99 382 
9.62 0.95 314 
8.85 0.54 1874 
1.69 0.63 404 
7.50 0.80 1496 
9.31 0.58 1314 
10.08 0.73 640 
10.01 0.55 488 
10.76 0.67 404 
8.18 0.72 404 
4.62 0.66 404 
2.38 0.64 404 
7.63 0.48 1039 
7.41 0.50 829 
7.70 0.49 621 
8.29 0.69 480 
8.06 0.67 480 
2.87 0.65 480 
2.61 0.64 480 
2.15 0.M 480 
8.99 0.57 588 
8.85 0.54 1x20 
8.97 0.55 1800 
9.97 0.56 837 
8.93 0.59 648 
10.86 0.58 570 
11.72 0.59 397 
14.91 0.59 290 
6.72 0.55 241 
8.73 0.56 612 
8.61 0.53 2020 
8.72 0.54 1780 
8.88 0.55 940 
9.50 0.s 690 
10.92 0.57 470 
11.49 0.57 390 
7.35 0.24 671 
7.03 0.21 2850 
8.05 0.21 1420 
8.44 0.15 740 
8.50 0.22 430 
5.23 0.21 290 
5.69 0.21 600 
7.42 0.15 676 
1.80 0.44 608 
6.07 0.14 2650 
6.48 0.18 1420 
6.99 0.21 806 
6.69 0.16 390 
5.49 0.21 290 
6.51 0.87 701 
5.62 0.15 620 
5.16 0.93 702 

3.77 0.90 272 
1.801 0.739 0.690 
0.569 0.842 0.729 
4.10 0.781 0.913 
5.000 0.737 0.742 
1.878 0.713 0.668 
1.973 0.716 0.702 
2.371 0.771 0.778 
2.736 0.844 0.855 
2.949 0.890 0.966 
2.944 0.524 1.023 
2.896 0.944 0.992 
1.919 0.938 0.905 
1.381 0.678 0.658 
2.800 0.745 0.708 
1.479 0.656 0.616 
1.694 0.678 0.677 
2.261 0.728 0.761 
3.037 0.792 0.831 
3.338 0.844 0.909 
3.227 0.862 0.886 
1.255 0.839 0.810 
0.205 0.801 0.746 
1.021 0.645 0.623 
1.426 0.659 0.645 
1.501 0.671 0.671 
1.882 0.682 0.695 
0.985 0.784 0.799 
0.212 0.736 0.696 
3.900 0.695 0.666 
3.200 0.693 0.645 
3.115 0.730 0.721 
1.912 0.649 0.564 
2.376 0.677 0.647 
2.935 0.721 0.696 
4.374 0.732 0.747 
3.714 0.792 0.839 
4.179 0.831 0.888 
4.053 0.946 1.046 
2.291 0.893 0.804 
2.824 0.729 0.715 
1.616 0.653 0.550 
1.925 0.677 0.609 
2.525 0.727 0.694 
2.957 0.753 0.738 
3.187 0.783 0.804 
3.545 0.805 0.848 
1.790 0.727 0.631 
1.321 0.619 0.530 
1.603 0.667 0.590 
2.010 0.713 0.661 
2.452 0.788 0.744 
1.102 0.831 0.679 
1.540 0.670 0.621 
1.783 0.740 0.649 
1.604 0.657 0.609 
0.808 0.564 0.531 
1.232 0.589 0.551 
1.426 0.619 0,584 
1.777 0.683 0.650 
0.861 0.770 0.695 
1.433 0.636 0.568 
1.W 0.699 0.631 
1.177 0.676 0.584 

N M R ~  
HPR w How z b  
35.1 35.7 25.6 -0.4 
42.5 37.6 19.0 1.5 
51.7 37.7 10.5 -1.7 
55.9 36.1 8.0 -1.7 
34.4 40.6 20.9 -0.6 
31.6 47.3 16.5 -0.5 
31.0 50.0 14.0 -0.3 
30.4 52.4 12.1 -0.1 
'-0.9 54.4 9.9 0.1 
31.9 49.9 13.5 0.4 
34.9 42.3 19.9 1.0 
53.4 29.3 14.3 -0.4 
65.6 30.8 3.6 -0.1 
50.7 31.6 14.5 -0.5 
55.5 29.5 11.5 -0.6 
46.4 44.8 4.3 -0.5 
38.9 51.9 3.6 -0.5 
41.2 49.9 3.1 -0.4 
41.1 48.4 5.2 -0.0 
46.4 44.4 7.2 1.1 
55.3 37.4 7.0 1.5 
56.8 28.9 12.1 -0.4 
54.2 33.9 8.9 -0.4 
54.7 35.8 6.3 -0.4 
53.0 38.6 4.5 -0.6 
55.5 37.0 5.7 0.6 
62.2 31.5 5.9 1.0 
71.1 24.0 4.8 -1.1 
74.0 16.2 9.7 -0.8 
40.8 43.2 9.9 -0.9 
39.8 29.7 26.3 -0.9 
42.2 38.8 14.0 -0.9 
41.8 35.8 16.5 -0.9 
42.7 43.0 5.7 -1.5 
45.3 42.0 5.7 -0.9 
40.2 45.2 7.1 -0.9 
33.6 47.1 12.6 -0.4 
34.6 40.4 21.4 0.7 
41.2 43.0 10.2 -0.8 
37.4 30.5 28.5 -0.7 
39.5 33.1 23.3 -0.7 
39.8 40.9 14.2 -0.7 
38.7 43.4 12.2 -0.7 
39.6 44.7 9.7 -0.7 
37.8 48.2 7.5 -0.8 
43.5 28.3 24.7 -0.2 
47.8 24.0 25.2 -0.6 
45.2 28.0 23.5 -0.5 
44.5 33.4 18.1 -0.4 
41.5 37.3 16.6 -0.2 
42.2 26.6 29.3 1.0 
58.8 23.5 14.6 -0.3 
43.3 29.9 23.4 -0.1 
59.0 25.5 12.2 -0.4 
69.5 12.0 16.6 -0.7 
61.7 19.6 15.9 -0.8 
57.7 24.6 14.6 -0.7 
54.7 29.7 12.0 41.4 
54.2 25.9 18.4 0.7 
53.9 23.3 19.6 -0.6 
53.8 25.0 17.6 -0.3 
52.1 23.9 21.6 -0.2 

35.4 35.2 25.5 -0.6 

I 
51 

4 



'L 
Table 2. S t r u c t u r a l  Features o f  103a 

W t  % NMR' 

MMPERFRGCT WTPCT VTH(I~ c H N o s ww OH HTCC m HAR WL HOTH zb 
103 17 
103 17 
103 17 
103 17 
103 17 
103 17 
103 17 

100.00 . 
16.60 . 
11.40 * 
14.30 . 
19.80 
21.70 . 
14.10 . 

d 0.1 
-0.2 
0.2 
0.4 
0.4 
0.9 
1.2 

a. 103 i s  a t o t a l  SRL conta in ing  both asphaltenes and preasphTltenes. 
b. X i n  VTRA i n d i c a t e s  Z =H%-0.486(0H) -4.67 mismatch. 

i s  a preasphaltene. 
c. Ha+ + Hal + HOH = 100, sum of mole f r a c t i o n o f  aromatic, a l i p h a t i c  and 

phenol ic protons equals 100. 
Ho equals mole percent o f  protons on a l i p h a t i c  carbons more than one carbon 

I f  2 = negat ive sample 
If Z E p o s i t i v e  sample i s  an asphaltene. 

To o b t a i n  HOH subtract  H ar + Hal from 100. 

u n i t  from an aromatic r ing ,  alpha + other protons equals 
protons. 

d. Data n o t  measured. 

Table 3 .  C o r r e l a t i o n  C o e f f i c i e n t s  (r)  Between Various Aspha 
and Preasphaltene Parameters 

t o t a l  a1 i p h a t i c  

I 

tene 

Asphaltenes r value 
Parameter 

I I  1 .o 0.996 0.943 0.56 
tl/M --- 1 .o 0.970 0.60 
H/C --- --- 1.0 0.64 

1 .oo Ha ruICa r 
OH -0.14 -0.13 -0.100 0.03 

d 
Ha H/Mb H/CC Ha ru/'ar 

--- --- --- 

Preasphal tenes 
Parameter H 

H 1 .o 0.998 0.57 0.91 
--- 1 .o 0.98 0.93 --- 1.0 0.96 

H/M 
H / C  
Ha r J C a  r 
OH 0.78 0.793 0.82 0.83 

HIM H/C Ha ru"a r 

--- 
1 .o --- --- --- 

a. 
b.  :hie r d t i o  of H i ( C t N + u + j j .  
c. Molar H/C r a t i o .  
d. 

Mole f r a c t i o n  o f  hydrogen ( w t  %) .  

Hole r a t i o  o f  edge aromatic t o  aromatic carbon. 
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Table 4. Molecu la r  Weight Values f o r  Runs 46 and 32 

Molecu la r  Weighta 
Sample Asphal tene Preasphal tene 

46-1 
46-2 
46-3 

' 46-4 
46-5 

32-1 
32-2 
32-3 
32-4 
32-5 
32-6 
32-7 

875 
430 
290 
250 
260 

1360 
1540 
1010 
640 
550 
390 
300 

2650 
1420 
810 
390 
290 

1320 
1800 
840 
650 
570 
400 --- 

adetermined by VPO, so l ven t  p y r i d i n e  
\ 

Table 5. Comparison o f  Oxygen F u n c t i o n a l i t y  f o r  Various 
Asphal tene (A)  and Preasphal tene (PA) Samples 

Oxygen Content mmoles/g % O  
Sample Recyclea To ta l  0, Phenol as phgnol 

41 PA 
41 A 
45 PA 
45 A 
53 PA 
53 A 
69 PA 
69 A 

I 32 PA 
32 A 
15 PA 

103 To ta lb  

15 A no 
26 PA no 
26 A no 

I 

4.39 
2.48 
4.42 
2.09 
3.92 
1.61 
3.13 
1.60 
2.91 
5.61 
5.51 
7.89 

1.79 
1.57 
1.78 
1.60 
1.43 
0.96 
1.12 
1.01 
2.12 
3.12 
2.57 
2.11 

41 
63 
40 
77 
37 
60 
36 
63 
73 
55 
52 
17 

5.09 1.85 36 
5.16 1 .e9 37 
3.16 1.24 40 

aNo ind i ca tes  petroleum der i ved  so l ven t  passed once through. Yes i n d i c a t e s  
bottom recyc le  so l ven t  used. 

t h i s  case asphal tene and preasphal tene sample n o t  separated. H2S run. 
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REACTIVITY OF SOME NITROGEN-CONTAINING COMPOUNDS AT 
SUPERCRITICAL WATER CONDITIONS 

David M .  Tiffany, Thomas J .  Houser, Michael E .  McCarville 
and  Michael E .  Houghton 

Department of Chemistry, Western Michigan University 
Kalamazoo, MI 49008 

INTRODUCT 1 ON 

The possible use of supercrit ical  f lu id  extraction (SFE)  of coal t o  produce l i -  
quids has been a t t r ac t ing  significant in te res t  recently. The temperatures a t  w h i c h  
SFE i s  generally carried o u t ,  about 400°C and above, will cause bond ruptures to oc- 
cur in the coal structure.  Thus, the extracting capabili ty of the fluid i s  important 
in terms of both the intermediate products, usually involati le a t  these temperatures, 
as  well a s  the original coal components. I n  addition, the f lu id  has the opportunity 
t o  participate as  a reactant a t  process conditions, which may yield extracts of dif-  
ferent compositions tha t  will be dependent on the f lu id  used. 

so lubi l i ty  ( v o l a t i l i t y )  of the solute has a very strong dependence on pressure (1).  
The enhancement may be as large as  a factor of 104 under very favorable conditions 
( 2 ) .  T h u s ,  t h i s  method combines many of the advantages of d i s t i l l a t i on  with those 
of extraction. The general advantages of SFE as  applied to  coal processing have been 
previously enumerated (1) .  Many of the reported studies in th i s  a rea ,  using toluene 
a s  the f lu id ,  have originated in Great Britain.  The influence of residence time, 
temperature, and  pressure on yield from the SFE of coal,  using bench-scale and small 
p i lo t  plant units has been reported ( 3 ) .  
evaluations have  indicated tha t  SFE i s  competitive with most other coal conversion 
processes. However, despite the strong in te res t  in SFE there has been very l i t t l e  
reported on the basic chemistry that takes place during coal extraction by th i s  tech- 
nique. 

One important function which coal processing can perform i s  the removal of het- 
eroatoms t o  yield a cleaner product. 
with nitrogen removal from model compounds thought t o  be representative structures 
found in coal. Studies have shown that quinoline type structures i n  coal liquefac- 
t i o n  are among the most d i f f i c u l t  t o  remove ( 6 ) ;  more recent studies on ca ta ly t ic  
hydrodenitrogenation of quinoline (7-9) have supported th i s  assessment. Thus, exper- 
iments have concentrated on examining the r eac t iv i t i e s  of quinoline and isoquinoline; 
the reac t iv i t ies  of other compounds were studied br ie f ly  also.  
water as the f lu id  was based on several properties,  in addition t o  solvent expense, 
which makes i t  su i tab le  for  the application of in te res t .  Briefly, these properties 
are:  ( a )  Crit ical  temperature, 374.2OC. Theoretical considerations have shown t h a t  
extract  vo la t i l i t y  enhancement i s  greatest  when extraction i s  carried o u t  near the 
f lu id  c r i t i ca l  temperature (10).  ( b )  Temperature and  pressure dependence of the di- 
e lec t r ic  constant which will allow control of solvent properties (11). ( c )  High 
reactivity with cyanide wastes to  form ammonia (12).  
polar solvents exert  a stronger depolymerizing action on coal t h a n  nonpolar ones and 
a l so  increase extraction r a t e  (1). Experimental verification o f  the effectiveness of 
water as an extracting f lu id  was indicated by the resu l t s  reported in a study of sol- 
vent e f f ec t s  in supercrit ical  extraction of coal ( 1 3 ) ;  water was more effective than 
predicted from the theoretical  calculations. The present paper discusses the results 
obtained to  date of the treatment of several nitrogen-containing compounds and alkyl- 
benzenes with supercrit ical  water, including some treatments using acid ca ta lys t s  t o  
enhance reac t iv i ty .  
which nitrogen can be removed from several types of molecular structures.  

Thermodynamic consideration of SFE leads to  the prediction tha t  the enhanced 

Economic ( 4 )  and energy efficiency ( 5 )  

I n  par t icu lar ,  the current program i s  concerned 

The selection of 

( d )  Molecular polarity since 

The expectation i s  t o  determine the leas t  severe conditions a t  
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EXPERIMENTAL 

The experiments were carried o u t  in a small (47 cc) s ta in less  s t ee l ,  batch reac- 
to r  which i s  n o t  equipped w i t h  a pressure gauge or gas vent. 
t i a l l y  the same fo r  a l l  experiments. The reactor was loaded with organic compounds 
(usually 2.00 mL for  l iquids,  or 2.00 grams for  solids,  although a few quinoline ex- 
periments had different amounts), suf f ic ien t  water was added t o  produce the desired 
pressure a t  reaction temperature as calculated from PVT d a t a  (14),  catalyst  was added 
as needed, the reactor purged with argon and bolted closed. The reactor was placed 
in the preheated furnace for  the required reaction time. In i t ia l  experiments used an 
e l ec t r i c  furnace b u t  times to  reach reaction temperature were found to be too long, 
which prompted a switch to  a fluidized sand b a t h  furnace, thus reducing heating times 
to  reach c r i t i ca l  temperature t o  about 15 minutes. Following reaction, the vessel was 
a i r  cooled, opened, the reaction mixture removed and the water and organic layers 
f i l t e r ed  and separated. The reactor was washed with a portion of methylene chloride 
solvent and a second portion of solvent was used t o  extract  the water layer. 
ganic layer was combined with the solvent portions and diluted t o  a standard volume 
of 25 mL with additional solvent. 

The procedure was essen- 

The or -  

/ 
The various phases were then measured quantitatively.  The remaining volume of 

water and the mass of the char (defined as  f i l t e r ab le  so l ids )  were determined. 
elemental analyses of the char were obtained. The ammonia produced and  dissolved in 

trode. The methylene chloride solution was examined gas chromatographically fo r  pro- 
ducts and extents of reaction. 
were prepared for quantitative determinations. Some components were confirmed using 
GC/MS analyses. There s t i l l  was a significant fraction o f  product t h a t  remained dis- 
solved and/or suspended in the solvent tha t  did not show up  on the chromatograms. 
This was termed the t a r  portion. Currently, t h i s  t a r  i s  being examined more closely.  

A few 

\ the water layer was determined fo r  some of the experiments with an i o n  specific elec- 

When a component was identified,  standard solutions 

RESULTS AND DISCUSSION 
Isoquinol ine 

The results of the reaction of isoquinoline a t  supercritical water conditions 
and with water a t  these conditions are sumarized in Table 1. The extents of reaction 

The extents appear t o  level off a t  longer times and  two increases in water pressure 
increased reaction extents while a third gave a small decrease. 
quinoline, the extents of reaction and the products found are different t h a n  those 
from the iner t  pyrolysis (15).  
extents somewhat, as does the addition of t e t r a l in  or dihydroanthracene. The hydrogen 
transfer agents were consumed t o  a large extent a l so ,  b u t  DA did not yield products 
t h a t  interfered with the reactant product chromatogram and estimates from a t e t r a l in  
experiment run l a t e r  allowed adjustments in the p r o d u c t  peaks to produce the yields 
reported. 

t o  55 molar % of the converted reactant i s  in the form of desirable aromatics, ben- 
zene and alkyl benzenes, ( b )  most of the converted nitrogen appears as ammonia in the 
water phase and ( c )  the char i s  significantly reduced in nitrogen content a s  compared 
to  the reactant. Other resu l t s  t o  note are: 
produce a relative increase in l igh ter  molecular weight products as well as increasing 
extents of reaction, ( b )  the ident i f iab le  products are formed from heterocyclic ring 
rupture exclusively, thus leaving the homocyclic ring primarily in t ac t ,  ( t h i s  may not 
be true for  t h e  reactions leading t o  the tar/char formation) and ( c )  the e f fec t  of the 
hydrogen transfer agents indicate t h a t  prereduction, followed by water treatment may 
improve conversions. 

I t  should also be noted t h a t  one experiment run  a t  450°C and for  48 hrs. without 
water showed less  t h a n  10% reaction (as compared t o  about 50% with water) and no mea- 

\ are significant b u t  t he i r  dependence on time and  pressure are not en t i re ly  unequivocal. 

However, a s  with 

The addition of zinc chloride appears t o  increase 

The results which a re  encouraging in terms of nitrogen removal are: ( a )  about 35 

( a )  a r i s e  in temperature appears t o  
I 
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surable product o r  char  was found. 

Qu ino l i ne  

The r e s u l t s  o f  t h e  r e a c t i o n  o f  qu ino l i ne  a t  s u p e r c r i t i c a l  water cond i t i ons  are 
The f o l l o w i n g  observat ions can be made when comparing these 

qu ino l i ne  i s  s i g n i f i c a n t l y  l ess  r e a c t i v e ,  thus would 
summarized i n  Table 2. 
w i t h  those from i s o q u i n o l i n e :  
requ i re  a c a t a l y t i c  agent, except a t  500"C., and the product d i s t r i b u t i o n  i s  ve ry  
d i f f e r e n t  y i e l d i n g  a smal ler  f r a c t i o n  o f  i d e n t i f i a b l e  products which a l s o  are p r i m a r i l y  
aromatic amines, a n i l i n e ,  t o l u i d i n e  and a small amount o f  qu ina ld ine.  The elemental 
analys is  o f  one char  sample d i d  show a reduc t i on  i n  n i t rogen  content ,  b u t  i t  was no t  
as  large as  t h a t  found f o r  t he  i soqu ino l i ne  sample. 
t h a t  two c a t a l y t i c  experiments a t  400°C. gave e s s e n t i a l l y  q u a n t i t a t i v e  y i e l d s  o f  am- 
monia. Th is  w i l l  be i nves t i ga ted  f u r t h e r  i n c l u d i n g  elemental analyses o f  t a r  and 
char .  
u n i d e n t i f i e d  t a r .  

One i n t e r e s t i n g  observat ion i s  

It i s  ev ident  t h a t  there i s  a ve ry  l a r g e  f r a c t i o n  o f  product i n  the  form o f  

Miscel laneous Compounds 

The r e a c t i v i t i e s  o f  several o ther  compounds w i t h  s u p e r c r i t i c a l  water were examined 
and the r e s u l t s  are summarized i n  Table 3. B e n z o n i t r i l e  and carbazole represent  n i t r o -  
gen-containing compounds w i t h  d i f f e r e n t  f u n c t i o n a l i t i e s  than the qu ino l i nes  and these 
exh ib i t ed  the extremes i n  r e a c t i v i t y .  Carbazole appears e s s e n t i a l l y  unreacted a t  our 
cond i t i ons .  B e n z o n i t r i l e  e v i d e n t l y  hydrolyzed, fo l lowed by decarboxy lat ion,  ve ry  
q u i c k l y  and c leanly ,  no d i s c o l o r a t i o n  o f  the reac t i on  m ix tu re  was observed. 

which m a y  have f u r t h e r  degradation. 
ve ry  c l e a n l y  t o  p r e d i c t a b l e  products, benzene and to luene.  
ex ten t  y i e l d i n g  o n l y  two organic  products i n  the chromatograms. 
can be considered o n l y  q u a l i t a t i v e  a t  t h i s  p o i n t .  

Ethylbenzene and a n i l i n e  were inc luded because they were observed a s  products  
Ethylbenzene d i d  r e a c t  t o  a small ex ten t ,  again 

The a n i l i n e  r e s u l t s  
A n i l i n e  reac ts  t o  a l a r g e r  

Because t e t r a l i n  and dihydroanthracene were consumed i n  the r e a c t i o n  w i t h  isoquin-  
o l i n e ,  they were a l s o  examined. The t e t r a l i n  was completely consumed, about h a l f  o f  
which formed naphthalene; the o t h e r  h a l f  undergoes r i n g  rupture t o  produce benzene and 
a t  l eas t  f o u r  alkylbenzenes. C a l i b r a t i o n s  have n o t  been determined as y e t  f o r  the two 
products w i t h  the l onger  r e t e n t i o n  t imes than o-xylene, bu t  mass spect ra o f  these are 
consis tent  w i t h  a Cg-benzene and a Cq-benzene. A t e t r a l i n  experiment r u n  f o r  48 hours 
a t  450°C. w i thou t  water gave o n l y  26% reac t i on ,  58% o f  which formed naphthalene. The 
nex t  l a r g e r  product peak had a r e t e n t i o n  t ime cons is ten t  w i t h  those o f  n -bu ty l -  o r  
o-diethylbenzenes (which were n o t  present i n  the water reac t i on  p roduc t ) .  
droanthracene r e s u l t s  are o n l y  q u a l i t a t i v e  b u t  i t  appears t h a t  about h a l f  i s  converted 
t o  anthracene. I n  a d d i t i o n ,  a t  l e a s t  f i v e  o t h e r  products a re  formed i n  small amounts 
and these have r e t e n t i o n  t imes between those o f  naphthalene and anthracene. 

The d ihy-  

CONCLUSIONS 

I t  i s  ev iden t  f rom the r e s u l t s  t h a t  s u p e r c r i t i c a l  water can be e f f e c t i v e  a s  an 
a c t i v e  reac tan t  i n  t h e  removal o f  n i t rogen  from several organic compounds a s  we l l  as 
i n f l u e n c i n g  the mechanism o f  hydrocarbon degradation. The e f fec t i veness  va r ies  w i t h  
molecular s t r u c t u r e  and the re  are i n d i c a t i o n s  t h a t  a c i d i c  ca ta l ys ts ,  e.g., z inc  
ch lo r i de ,  can improxve t h i s  e f fect iveness.  Considerat ion o f  the extents  o f  r e a c t i o n  
shows tha t  i s o q u i n o l i n e  i s  much more suscept ib le  t o  bond rup tu re  than i s  qu ino l i ne .  
Fo r  i soqu ino l i ne ,  t he  product  d i s t r i b u t i o n  shows a d i s t i n c t  preference t o  rup tu re  the 
he te rocyc l i c  r i n g ,  b u t  t h a t  r u p t u r e  may occur w i t h  about equal p r o b a b i l i t y  between 
t h e  1-2 o r  2-3 p o s i t i o n s ,  f o l l owed  by hyd ro l ys i s  aad decarboxy lat ion.  
would lead t o  o-xylene, the 2-3 t o  ethylbenzene, which are formed i n  about equal 
amounts. 

1 

The 1-2 break 

These products  can then undergo f u r t h e r  s idechain shor ten ing o r  e l im ina t i on .  
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Quino l i ne ,  on the o t h e r  hand, does n o t  r e a c t  as r e a d i l y  and a l though the  h e t e r o c y c l i c  
r i n g  appears t o  be the p r e f e r e n t i a l  p o i n t  o f  a t tack ,  the rup tu re  i s  more probably  be- 
tween the 1 -2  p o s i t i o n  than the 1-9 p o s i t i o n .  This  fragment would n o t  hydro lyze,  b u t  
would produce a l k y l  a n i l i n e s  which could then f u r t h e r  r e a c t .  
format ion i s  f a r  more probable w i t h  t h i s  reactant .  
s u p e r c r i t i c a l  water has a profound e f f e c t  on both the  ex ten t  o f  r e a c t i o n  (100 vs. 26%) 
and r e a c t i o n  mechani sm o f  even the hydrocarbon, t e t r a 1  i n .  Fu r the r  mechanis t ic  specula- 
t i o n  w i l l  be deferred u n t i l  a d d i t i o n a l  data i s  obtained. 

It was found t h a t  t a r  
I t  i s  i n t e r e s t i n g  t o  note t h a t  
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NOVEL LIQUEFACTION SOLVENT: H20-H2S 

V i r g i l  I .  Stenberg, Robert  D. Hei ,  P h i l i p  G. Sweeny, Jan Nowok 

Department o f  Chemistry, U n i v e r s i t y  o f  Nor th  Dakota 
Box 7185 U n i v e r s i t y  S ta t i on ,  Grand Forks, NO 58202 

Warrack G .  Wi l l son  

U n i v e r s i t y  o f  Nor th  Dakota Energy Research Center 
U n i v e r s i t y  o f  Worth Dakota, Grand Forks, NO 58202 

INTRODUCTION 
(1) a s l u r r y i n g  l i q u i d  

f o r  t h e  coal  which enables s l u r r y  compression i n t o  a cont inuous f l o w  reac tor ,  
and (2 )  a hydrogen s h u t t l e r  which enables t h e  t r a n s f e r  o f  hydrogen atoms from 
ti2 o r  syn thes is  gas t o  t h e  coa l  molecules. A d d i t i o n a l l y ,  t h e  so l ven t  serves as 
a medium f o r  reducing gas and coa l  p roduc t  d i s s o l u t i o n .  

We now wish  t o  descr ibe  t h e  use o f  H 0-H S as a s u b s t i t u t e  f o r  organic 
s l u r r y i n g  so lvents .  The phi losophy f o r  doidg s 8  i s  t h a t  t he  water  f u l f i l l s  the  
r o l e  of t he  s l u r r y i n g  l i q u i d  and H S i s  t he  hydrogen atom donor. Since the  
f i r s t  bond d i s s o c i a t i o n  energy of & t e r  i s  118 kcal /mole,  r a r e l y ,  i f  a t  a l l ,  

t h e  f i r s t  bond d i s s o c i a t i o n  energy o f  93 kcal /mole and t h e  second b f  83 
kcal /mole making i t  a good b u t  n o t  e x c e l l e n t  hydrogen atom donor t o  carbon 
r a d i c a l s  ( r e a c t i o n  1). A t  t h e  h ighe r  temperatures o f  convent ional  coal  
1 i q u e f a c t i o n  reac to rs  t h e  thermodynamics would p robab ly  be more favorab le .  
React ion 7 has proven t o  be r a p i d  a t  coa l  l i q u e f a c t i o n  temperatures and i s  

The l i q u e f a c t i o n  so l ven t  has two r o l e s  t o  f u l f i l l :  

1 

\ would i t  be expected t o  r e a c t  w i t h  carbon rad i ca l s .  On t h e  o t h e r  hand, HpS has 

2R' + H2S + 2RH + S (1) 

S + H2 + t!2S 

perhaps t h e  p r i n c i p a l  advantage of H S ove r  an organ ic  solvent.  The 
corresponding r e a c t i o n  f o r  t h e  organ ic  i b l v e n t  i s  u s u a l l y  slow. I n  o rgan ic  
l i q u e f a c t i o n  so lvents ,  tl S i s  known t o  enhance l i q u e f a c t i o n  y i e l d s ,  and i t  has 
been used f o r  bo th  coa l  i n d  organ ic  model compound reac t ions .  

IJater becomes s u p e r c r i t i c a l  a t  374°C and i t s  s u p e r c r i t i c a l  s t a t e  has the  
p o t e n t i a l  o f  i n f l u e n c i n g  the  l i q u e f a c t i o ?  processes i n  several  ways: i t  (1) 
becomes a f i n e  so l ven t  f o r  hydrocarbons (F ig .31 ) ,  ( 7 )  l oses  much o f  i t s  
a b i l i t y  t o  d i sso l ve  i no rgan ic  ma te r ia l  (F ig .  2) , (3) adds t o  t h e  r e a c t i o n  
pressure, and (4 )  becomes more i o n i c  ( a c i d i c  and bas i c4  s ince  t h e  i o n i z a t i o n  
constant increases by ca. 3 powers of t e n  (Fig.  3 ) .  I f  water  i s  t o  be 
s u b s t i t u t e d  f o r  an organ ic  s l u r r y i n g  l i q u i d ,  t h e  inc rease i n  r e a c t i o n  pressure 

300 400 

T, "C 

(wt  %)  i n  water 
F ig .  1 .  Hydrocarbon s o l u b i l i t y  

300 400 

T, " C  

F ig .  2. Inorgan ic  s o l u b i l i t y  
(w t  X )  i n  water 
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( t n  ca. 5,000 p s i )  must be to le ra ted .  Therefore, one must i n s i s t  t he re  be 
compensating f a c t o r s  f o r  t h i s  pressure inc rease which more than make up f o r  the 
cos t  o f  increased opera t i ng  pressures. Ratch au toc lave  data now i n d i c a t e  t h i s  
i s  so. Indeed, water appears t o  have a p o s i t i v e  e f f e c t  on l i q u e f a c t i o n  y i e l d s  
i n  a d d i t i o n  t o  i t s  r o l e  as a s l u r r y i n g  l i q u i d .  

-8 t 
c, 
S 

c, 
v) 
K 
0 
V 

m 

-9 

-1 0 

-1 1 

-1 2 

-1 3 

-14 

1 l p o i n t  I I 
0 200 400 600 

Temperature, "C 

F ig .  3. I o n i z a t i o n  cons tan t  o f  water  i n  high-temperature f l u i d s  
o f  var ious  d e n s i t i e s .  
determined curve f o r  l i q u i d  water under i t s  own vapor pressure.  
The es t imated e x t r a p o l a t i o n  o f  t h e  curve t o  the  c r i t i c a l  p o i n t  
i s  shown as a dashed l i n e .  The o the r  dashed l i n e s  shown 
ca lcu la ted  values o f  t he  cons tan t  f o r  s ingle-phase f l u i d  water 
under s u f f i c i e n t  pressure t o  ma in ta in  the  i nd i ca ted  d e n s i t i e s .  

The s o l i d  Tine i s  t he  exper imenta l l y  

RESULTS AMD DISCUSSION 
The data o f  Table 1 comare  t h e  H,O-H,S r e s u l t s  alona w i t h  those usina (11 \ 

2 . .  

a petroleum-coal based orqan ic  so lvent ,  ahthracene o i l  IA04) toge the r  w i t h  a 
so lvent  re f i ned  coal  midd le  d i s t i l l a t e  from t h e  demonstrat ion p l a n t  a t  Tacoma, 
Washington (SRCMD) and (2) dihydropyrene (DHP), a repu ted ly  e x c e l l e n t  hydrogen 

Water w i t h  syn thes is  qas outperform A04-SRCMD w i t h  syp thes is  gas f o r  the 
conversion of two coa l  samples i n t o  v o l a t i l e  m a t e r i a l s  a t  t he  cond i t i ons  used, 
cf .  runs 5 vs. 7 and 14 vs. 16. The presence o f  a smal l  amount o f  H2S enhances 
t h e  as-defined y i e l d s  whether i n  water ,  c f .  runs 1 vs. 2, 7 vs. 8, 16 vs. 17, 
21 VS. 22, 26 vs. 77 and 3 1  vs. 32 o r  i n  an organ ic  so lvent ,  c f .  5 vs. 6, 12 

donor solvent.  Three ranks o f  coa ls  a re  represented  i n  the  data. k 
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I 
vs. 13, 14 vs. 15, 19 vs. 20, 24 vs. 25 and 34 vs. 35. The r e a c t i o n s  which had 
the  temperature programmed f rom 300°C t o  500°C us ing  H 0-M S and syn thes i s  gas 
gave t h e  bes t  o f  t he  aqueous-H S conversion y i e l d s ,  c?. r j tns 8 vs. 9, 17 vs. 
18, 22 vs. 23, 27 vs. 28 and 3 3  vs. 33. Synthes is  gas i s  super io r  t o  pure  H2 
(980 ps ig ) ,  c f .  runs 3 vs. 5 and 12 vs. 14. 

The phi losophy behind t h e  temperature programmed reac t i ons  was the  b e l i e f  
t h a t  t h e  the rma l l y  produced, coa l -der ived  r a d i c a l s  would be formed i n  a more 
c o n t r o l l a b l e  fashion, i.e., i n  a more steady, s lower ra te ,  w i t h i n  t h e  
coa l -water  s l u r r y  than w i t h  a sudden thermal jump t o  a p rese lec ted  r e a c t i o n  
temperature. The l a t t e r  i s  assumed t o  momentar i ly  dep le te  t h e  hydrogen donor 
capac i ty  of t h e  so l ven t  system a t  l e a s t  i n  the  v a c i n i t y  o f  t h e  thermal r e a c t i o n  
events. I n  the  case where water  i s  t h e  p r i n c i p a l  so lvent ,  t he  hydrogen donor 
capac i ty  i s  t he  H S concent ra t ion .  The consequence o f  t h i s  d e p l e t i o n  i s  t he  
occurrence o f  re t rggrade reac t i ons  which r e s u l t  i n  lower  conversions. 

The dihydrophenanthrene (DHP) runs gave b e t t e r  conversions than e i t h e r  
water o r  A04-SRCMD g iven otherwise the  same exper imental  cond i t i ons .  However, 
DHP decomposes t o  the  ex ten t  o f  11% at. 420°C a t  30 minutes, and the  non gaseous 
products are s o l i d s  r a t h e r  than l i q u i d s  as they  a re  w i t h  t h e  water  runs. The 
water runs were the  e a s i e s t  t o  separate f rom t h e  produc t  s l u r r y .  The 
d i s t i l l a t i o n  was complete i n  ca. 3 hours with t h e  water  runs  whereas it took 
f rom 5-7 hours t o  ge t  t o  ccns tan t  we igh t  with t h e  organ ic  solvent-based runs. 
The o i l  separated by g r a v i t y  f rom t h e  water  i n  the  water based run  d i s t i l l a t e s .  

I n  summary, t he  H 0-H S so l ven t  runs  w i t h  var ious  ranks , o f  coa ls  g i ve  
respec tab le  y i e l d s  o f  & ta?  v o l a t i l e  m a t e r i a l s  a t  420°C and w i th  temperature 
programming the  reac to r  f rom 300" t o  500"C, the  y i e l d s  were as good if not  
b e t t e r  than us ing  one o f  t h e  bes t  o f  hydrogen donor model compound so lvents .  
The H2.S concent ra t ion  t h e  programing r a t e s  o r  ranges have n o t  been opt imized. 

', 
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Table 1. The Conversion of Coals i n  H 0-H S and A04-SRCMD 
Reducin gases2 Te ipera ture ,  " C  Sovent Conversion, % 

HO 
H;O 

1 w a d  (Zap I) * 
2 Indianhead H~S-CO-H; 

3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
1 4  

16 
17  
18 
19 
20 

21 
22 
23 
24 
25 
26 
27 
28 
29 
3@ 

31 
32 
33 
34 
35 

* r  
13 

Big  Brown (BB1) 
B ig  Brown 
Rig Brawn 
Rig Brown 
B i g  Brown 
B i g  Brown 
B i g  Brown 
B i g  Erown 
B i g  Brown 

Reulah (83) 
Beulah 
Beulah 
Beiiiah 
Beulah 
Beulah 
Reulah 
Beulah 
Beulah 
Suhbi tuminous c o a l s  
Decker (DEC 1) 
Decker 
Decker 
Decker 
Decker 
Absaloka (ABS 1) 
Absaloka 
Absaloka 
Absaloka 
P.bsal oka 
Bituminous coa ls  
Powhattan (POW 1 1 
Powhattan 
Powhat t a n  
Powhattan 
Powhattan 

H 
H S-H2 

80-H: 
H2S-CO-H2 

CO-H 

H2S-CO-H 

H2S-CO-H2 

H~S-CO-H: 

CO-Hi 

H 
H S-H: 

80-H 
; S-&$ 

C@-H2 2 

H2S-CO-H2 
H2S-CO-H2 

C0-H2 
H2S-CO-H2 

C0-F2 

H~S-CO-H; 
H S-CO-H 

CO-H2 
H2S-CO-H2 

CO-H2 
H2S-CO-H2 
H2S-CO-H2 

CO-H 
H2S-CO-H; 

CO-H2 
H2S-CO-H2 
H2S-CO-H2 

CO-H2 
H2S-CO-H2 

420 
420 
420 
420 
420 
420 
420 

420 
420 
420 
420 
420 
420 
420 
420 

420 
420 

420 
420 

420 
4 20 
420 
420 

420 
420 

420 
420 

420 
420 

300-500 

300-500 

300-500 

300-500 

300-500 

A04-SRCND 
P.04 - SRCMD 
A04 - S RCMD 
A04-SRCMD 

H O  
H;O 

DHP 
k! 

A04-SRCMD 
A04 - SRCMD 
A04-SRCM@ 
804- jRCNiJ 

H20 

fl6 P 
K 
DHP 

35.2 
35.3 
42.5 
48.1 
43.7 f 2.0 
48.9 f 1.2 
71.0 
50.7 c 4.4 
65.3 f 3.5 
22.2 
29.3 
30.1 
40.5 
33.8 f l..O 
36.8 f 0.3 
51.6 f 1.1 
46.6 
53.3 f 3.0 / t  

38.6 f 0.4 
40.6 f 1.5 

:2: 52.3 f 0.7 
D6P 48.4 
DHP 60.2 f 8.0 

29.6 f 0.3 
H20 34.1 * 1.1. 

51.0 f 0.7 

DH P 49.6 +- 3.5 

H2O 

N.A. 
E 
D6P 

24.7 c 0.4 
30.5 f 0.8 

;2: 41.9 f 0.7 

DHP 51.6 f 3.5 

H20 

08P 43.5 

\ The experimental c o n d i t i o n s  are: r e a c t i o n  t ime, 1 hour; H2S, 250 psig;  CO, 490 
psig;  H , 490 psig;  c o a l ,  1 gram; and water,  1 gram. When H alone was used, 
i t s  pregsure was 980 ps ig .  The conversion y i e l d s  were d e t e r h n e d  by d i s t i l l i n g  
the  v o l a t i l e  ma te r ia l  ( ases and l i q u i d s )  f rom t h e  r e a c t o r  conten ts  a t  250°C a t  
1 T o r r  f o r  5 hours (H 07 and 7 hours (A04-SRCMD). The coa l  samples a r e  c i t e d  
from the  mine s i t e :  Izdianhead f rom t h e  Indianhead Mine a t  Zap, Nor th  Dakota; 
B i q  Rrnwn f r o m  t h e  Rig Brc:qn M;ne a t  F a i r f i e l d ,  Texas; Beu!ah f r o m  t h e  South 
Beulah Mine, Reulah, N o r t h  Dakota; Decker f rom t h e  Decker Vine a t  B i g  Horn, 
Montana; Absaloka from the  Absaloka Mine a t  Sarpy Creek, Montana; and Powhattan 
from t h e  Powhattan Mine a t  Belmont, Ohio. 

1 

1 
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I n t r o d i i c t i o n  

N i c t o r i c a l l y ,  models of c o a l  s t r u c t u r e  have been developed  on t h e  p remise  t h a t  
i t s  p r i n c i p a l  c h a r a c t e r i s t i c s  can be a t t r i b u t e d  t o  t h o s e  of a complex s o l i d  phase. 
Atti?mpts t o  d e s c r i h e  and p o r t r a y  t h i s  phase have focused on embodying measured 
coinijrisitional pa rame te r s  i n t o  a n  ' a v e r a g e '  molecule  which p r e s e n t s  a s t a t i s t i c a l  
r ep res i ? - i t a t ion  of t h e  whole molecu la r  assemhly.  The va lue  of such  an approach  is 
very l i , n i t e d  p a r t i c u l a r l y  i n  i t s  a b i l i t y  t o  d e s c r i b e  b e h a v i o r a l  c h a r a c t e r i s t i c s .  
Furt .herlnore,  i t  does  no1 t a k e  accoun t  of t h e  e x i s t e n c e  of compara t ive ly  low 
m n l e c u l s r  weight e x t r a c t a b l e  l i q u i d s  which a r e  p r e s e n t  i n  a l l  excep t  a n t h r a c i t i c  
C.0.71S ( I  ). 

I n  b i tuminous  c o a l s ,  t h e  ch lo ro fo rm s o l u b l e  m a t e r i a l s  have been shown t o  
d i r e c t l y  i n f l o r n c e  coal f l u i d  p r o p e r t i e s  ( 2 4 ) .  The r o l e  o f  t h e  ' b i tumens '  h a s  been 
s u e z e s t r d  t o  be t h a t  o f  s o l v a t i n g  and  hydrogen-donat ing  a g e n t s  f o r  t h e  remainder  of 
t h e  ~ 0 . 9 1  s u b s t a n c e  ( 2 ) .  By a n a l o g y ,  i t  h a s  been proposed t h a t  e x t r a c t a b l e  c o a l  
1 i q u i d s  can p rov ide  a s i m i l a r  f u n c t i o n  d u r i n s  coa l  l i q u e f a c t i o n  (5) .  Exper iments  
have shown t h a t  t h e  e x t r a c t i o n  of b i tuminous  and subbi tuminous  c o a l s  i n  ch lo ro fo rm 
p r i o r  t o  l i q u e f a c t i o n  a d v e r s e l y  i n f l u e n c e s  t h e  n e t  l i q u e f a c t i o n  y i e l d  (6).  

A t  moderate t e m p e r a t u r e s  on ly  a small p r o p o r t i o n  of c o a l  may be e x t r a c t a b l e  in 
s o l v e t i t s  such a s  ch lo ro fo rm.  llowever, i t  h a s  long  been recognized  t h a t  by 
p r e h e a t i n g  the  c o a l  up t o  t e m p e r a t u r e s  of 400'C a n d  above,  t h e  y i e l d  can be  
i n c r e a s e d  s e v e r a l  f o l d  ( 2 . 7 - 8 ) .  Brown and Waters  ( 2 )  concluded  t h a t  t h e  normal 
y i e l d  rif e x t r a c t  i s  r e l a t e d  t o  t h e  a c c e s s i b i l i t y  of t h e  po res  t o  s o l v e n t ,  which is 
enhanced by p r e h e a t i n g  ( s w e l l i n g ) .  S i m i l a r l y ,  i t  h a s  been found t h a t  t h e  y i e l d s  of  
a l k a n e s  p r e s e n t  i n  benzene /e thano l  s o l v e n t  e x t r a c t s  was h i g h e r  by 8-10 t imes  i n  t h e  
l i q i i e f a c t i o n  p r o d u c t s  of  t h e  same c o a l s ,  a l t h o u g h  t h e  d i s t r i b u t i o n  of t h e  v a r i o u s  
s p e c i e s  was very s i m l l a r  i n  bo th  c a s e s .  I t  was concluded  t h a t  t h e  i n c r e a s e d  y i e l d  
of a l k a n e s  on l i q u e f a c t i o n  was due t o  t h e i r  l i b e r a t i o n  from r e g i o n s  of  t h e  s t r u c t u r e  
h i t h e r t o  i n a c c e s s i b l e  t o  s o l v e n t  ( 9 ) .  

The work of Vahrman ( 1 0 )  has  shown t h a t  i n  t h e  Soxh le t  e x t r a c t l o n  of c o a l s  
ex tended  f o r  s e v e r a l  hundred h o u r s ,  t h e  q u a n t i t y  of e x t r a c t  p r o g r e s s i v e l y  i n c r e a s e s ,  
a l b e i t  a t  very low r a t e s ,  and u l t i m a t e l y  approaches  t h a t  of  t h e  t a r  produced i n  low 
t e m p e r a t u r e  (450° )  p y r o l y s i s .  
s u g g e s t i o n s  t o  t h e  e f f e c t  t h a t  p r o p o r t i o n  of c o a l  which is p o t e n t i a l l y  e x t r a c t a b l e  
i s  much l a r g e r  t han  i s  g e n e r a l l y  assumed bu t  t h a t  i t  i s  n o t  r e a d i l y  a v a i l a b l e  due 
L t s  b e i n g  con ta ined  i n  c l o s e d  o r  r e s t r i c t e d  p o r o s i t y  ( 1 1 ) .  

These f i n d i n g s  a r e  c o n s i s t e n t  with more r e c e n t  

T!iere a r e  a t  l e a s t  two p o s s i b l e  s o u r c e s  o f  e x t r a c t a b l e  o r  t r apped  l i q u i d s ;  by 
r e a c t i o ~ l s  d u r i n g  c o a l i f i c a t i o n  l e a d i n g  t o  t h e  fo rma t ion  and accumula t ion  of  lower 
molecu l s r  weight m a t e r i a l  ( 2 ) ;  by p h y s i c a l  en t r apmen t  o f  r e l a t i v e l y  unmodif ied  
comporietits o f  p l a n t  o r i g i n  ( 9 , 1 2 - 1 4 ) .  The preaerice of t h e s e  m a t e r i a l s  i n  t h e  
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c o a l  masq and t h e i r  i n f l u e n c e  on  i t s  p r o p e r t i e s  have  promoted a number of 
sugp,est ions c o n c e r n i n g  c o a l  s t r u c t u r e  ( 1 , 2 )  which have  been r e v i t a l i z e d  Jn r ecen t  
y e a r s  ( 1 5 - 1 7 ) .  E s s e n t i a l l y  c o a l  i s  c o n s i d e r e d  t o  compr ise  a r e l a t i v e l y  r i g i d l y  
honded t h r e e  d imens iona l  ne twork  which a c t s  a s  a h o s t  f o r  l ower  molecu la r  welgli t  
s p e c i e s  c o n t a i n e d  i n  both open  and c l o s e d  o r  p a r t i a l l y  c l o s e d  pores .  I n  e f f e c t ,  t h e  
s t r i i c t u r a l  model i s  t h a t  of a multicomponent sys tem which, i n  t h e  l i g h t  of p r e s e n t  
knowledge. a p p e a r s  t o  be a more c o n s i s t e n t  and r e a l i s t i c  bas i s  f o r  c o a l  r e s e a r c h  
than  t he  e a r l i e r  s i n g l e  phase  concep t s .  

Wi t l i  t h i s  background,  r e s e a r c h  i n v e s t l g a t i o n s  have been i n i t i a t e d  t o  examine 
t h e  l o x  t e m p e r a t u r e  (;4OO0C) c a t a l y t i c  hydrogenat  i o n  of c o a l s .  
o b j e c t i v e s  a r e  t o  d e t e r m i n e  I f  i t  is  p o s s i b i e  t o  t n c r e a s e  t h e  y i e l d  of e x t r a c t a b l e  
l i q u i d s  th rough  t h e  breakdown or  m o d i f i c a t i o n  of t h e  network under  mild 
hydroR:an:itive c o n d i t i o n s .  Through, so d o i n g ,  i t  i s  hoped i )  t o  d e r i v e  i n f o r m a t i o n  
a b o ~ l t  <le s t r u c t u r e s  a n d  i n t e r a c t i o n s  of t h e  ' ne twork '  and 'mobile '  phases  and i t )  I 

t o  ; ? sc< . r t a in  t h e  i n f l u e n c e  o f  such a p r e t r e a t m e n t  upon t h e  behav io r  of c o a l  i n  I 
subsequen t  r e a c t i o n s .  E a r l i e r  r e s e a r c h  h a s  shown t h a t  low t e m p e r a t u r e  chemica l  
r e d u c t i o n  o f  c o a l s  ( t r e a t m e n t  w i t h  a s o l u t i o n  of  l i t h i u m  i n  e t h y l a m i n e )  can  i n c r e a s e  
tlie H / C  r a t i o  and s o l u b i l i t y  i n  p y r i d i n e  (18) .  

The g e n e r a l  

The approach  which h a s  been adopted f o l l o w s  t h e  work of  Hawk and Hl t sehue  (19) 
2nd WPIInr ( 2 0 )  who j . n v e s t i g a t e d  c a t a l y t i c  c o a l  hydrogena t ion  i n  t h e  absence of 
solrer i :  i n  o r d e r  t o  reduce t h e  number of  v a r i a b l e s  i n  t h e  sys tem and t h e  problems of 
l n t c r p r e c a t i o n .  The p r i n c i p a l  d i f E e r e n c e  i n  t h e  s t u d i e s  r e p o r t e d  h e r e ,  compared t o  
tlie e a r l i e r  work, i s  t h a t  r e a c t i o n s  have been conducted  a t  s u b s t a n t i a l l y  lower 
terniw?r.il'ires n n d  p r e s s u r e s .  

KYArri m m t  a1 

I 

- - .- - 

Cor! 1 P r e  pa r  a t  i on 

SJm;,les o f  3 b i tuminous  c o a l  were o b t a i n e d  i n  undried 1 1 2 ' '  lump form from The 
Pent isylva?ia  S t a t e  Llniv r s l t y  Coal Sample Rank. The c o a l s  were g round ,  w i thou t  
d r y i n g  t r )  minus 8 0 0 ~ 1 0 - ~  m i n  a g love  box which was f i r s t  purged and ma in ta ined  
uiider pr t ' ssure  u s i n g  a f l o w  of  oxygen-f ree  n l t r o g e n .  The t o t a l  g round p roduc t  was 
r i f f l e d  and t h e n  d l v i d e d  i n t o  approx ima te ly  20 gram l o t s  which were s e a l e d  i n t o  
v i a l s  wh l l e  s t l L l  i n  t he  g l o v e  box. The o r t g i n  and a n a l y s i s  of t h e  ground c o a l s  a r e  
summarized i n  Tab le  1 .  

The molybdenum c a t a l y s t  used l n  t h e s e  expe r imen t s  was impregnated  o n t o  t h e  

The p rocedure  was t o  mix t h e  
c o a l s  us ing  an aqueous  s o l u t i o n  of ammonium hep ta  molybdate  (NH4)6M~7024.4H20 
( s u p p l i e d  by c o u r t e s y  of  Climax Molybdenum, Co.). 
p r e r e q u i s i t e  q u a n t i t y  o f  t h e  molybdenum s a l t  w i t h  t h e  c o a l  f o l l o w i n g  which 
s u f f i c i e n t  d i s t i l l e d  wa te r  was added t o  form a t h i c k  s l u r r y  which was s t i r r e d  f o r  30 
minu tes  a t  room t empera tu re .  The e x c e s s  wa te r  was removed by vacuum a t  room 
t empero tu re  o v e r n i g h t .  ( I t  was e s t i m a t e d  t h a t  by t h i s  t echn ique  more t h a n  98% u t  of 
c a t a l y s t  was r e t a i n e d  on t h e  coa l . )  

Reac t ion  and P roduc t  Workings -- 

Reac t ions  were c a r r i e d  ou t  u s i n g  s t a n d a r d  t u b i n g  hombs (20  c c  c a p a c i t y )  
co i r - t ruc t ed  o u t  of 316  s t a i n l e s s  s t e e l  whlch were loaded w i t h  approx ima te ly  5 g of 
samplr .  The bomhs were  f i r s t  purged of a i r  s e v e r a l  t lmes  w i t h  n i t r o g e n  a n d ,  i f  
r e q i i l r d .  purged  o f  n i t r o g e n  and s e a l e d  w l t h  t h e  r e a c t a n t  g a s  t o  a c o l d  p r e s s u r e  of 
1000 psifi.  The bombs were hea ted  by Immersion i n  a p rehea ted  f l u i d i z e d  sandba th  
h e a t e r  Arhich r a p i d l y  r a i s e d  t h e  c o n t e n t s  of t h e  bomb t o  r e a c t i o n  t empera tu re .  
A g i t a t i o n  was p rov ided  by o s  l l l a t l n g  t h e  bomb th rough  a v e r t i c a l  d i sp l acemen t  of 5 
cm a t  a f r equency  of 50 sec-'. A t  t h e  end of t h e  r e a c t l o n  p e r i o d ,  t h e  bomb was 
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removed from t h e  sandbat l i  and quenched by immersion i n  water .  

l h e  e x c e s s  p r e s s u r e  i n  t h e  bomb was r e l e a s e d  by v e n t i n g  a t  room t e m p e r a t u r e  
d u r i n g  which t ime g a s  samples  were c o l l e c t e d  €o r  a i i a l y s i s .  The r e a c t o r  c o n t e n t s  
were comple te ly  removed t o  a p r e d r i e d  ceramic  S o x h l e t  th imble  u s i n g  ch lo ro fo rm as 
wash s o l v e n t .  Soxl i le t  e x t r a c t i o n s  were t h e n  c a r r i e d  o u t  f o r  1 2  hours  i n  b o i l i n g  
chloroFnrm under  a p r o t e c t i v e  b l a n k e t  of n i t r o g e n .  The r e s u l t i n g  r e s i d u e  was d r i e d  
i n  vaciir) a t  llO°C f o r  12 h o u r s  t o  remove remaining s o l v e n t .  

$ 

The ch lo ro fo rm e x t r a c t s  were f i l t e r e d  (Whatman 4 2  f i l t e r  p a p e r )  under  a 
n i t r o g e n  b l a n k e t  and t h e  e x c e s s  ch lo ro fo rm removed on a r o t a r y  e v a p o r a t o r  a t  
40°C. Che r e s u l t i n g  product  was then  f u r t h e r  d r i e d  i n  vacuo f o r  1 hour  a t  
110°C. 
under  ref  r i g e r a t e d  c o n d i t i o n s .  

J 

The r e s i d u a l  and e x t r a c t  p r o d u c t s  were s e a l e d  unde r  n i t r o g e n  and s t o r e d  

The t o t a l  y i e l d s  of  c h l o r o f o r m  s o l u b l e  e x t r a c t  and g a s e s  were c a l c u l a t e d  from \ 
t h e  mass of d r t e d  c h l o r o f o r m  i n s o l u b l e  r e s i d u e  and r e p o r t e d  a s  a p e r c e n t a g e  of dmmf 
c o a l .  I n  t h o s e  c a s e s  where c a t a l y s t  had been added ,  t h e  assumpt ion  was made t h a t  
t h e  molybdenum i n  t h e  r e s i d u e  had been conver ted  t o  a 50-50 mixture  of MOO 
MoS,. 
n o t ' a f f e c t  the  g e n e r a l  t r e n d  shown i n  t h e  d a t a .  The r e p r o d u c i b i l i t y  of t h e  t o t a l  
y f e l d s  was found t o  be w i t h i n  Z Y .  

Anal y t i c A  

and 
T h i s  assumpt ion  r e q u i r e s  v e r i f t c a t i o n  b u t  any r e s u l t i n g  i n a c c u r a c y  a o e s  

-I 

The ch lo ro fo rm s o l u h l c  e x t r a c t s ,  t h e  i n s o l u b l c  r e s i d u e s  and n o n e x t r a c t e d  c o a l s  
were ana lyzed  f o r  e l e m e n t a l  composi t ion .  
n.m.r.  s p e c t r o s c o p y  ( u s i n g  p y r i d i n e  a s  s o l v e n t )  and by h i g h  r e s o l u t i o n  mass 
s p e c t r o m e t r y  (KRATOS M-50 s p e c t r o m e t e r ,  r e s o l i l t i o n  1:30,000) .  The mass 
s p e c t r i i m e t r i c  method employed d i r e c t  probe sample i n t r o d u c t i o n  which a l l o w s  a n a l y s i s  
of m a t e r i a l s  which a r e  v o l a t i l i z e d  a t  350°C and a p r e s s u r e  of 

The e x t r a ? t s  were a l s o  ana lyzed  by 'H 

mm Of 
mercury . \7% 

The p a r e n t  c o a l s  and n o n e x t r a c t e d ,  r e a c t e d  samples  were ana lyzed  by 13C 
n.m.r. u s i n g  two independent  methods t o  de t emine  d i f f e r e n c e s  i n  a r o m a t i c i t y ;  
c r o s s - p o l a r  magic a n g l e  s p i n n i n g  and t h e  Bloch decay  technique.(Z\> 

R e s u l t s  and Discuss ion  

E x t r a c t  Y i e l d s  

The t o t a l  y i e l d s  of  c h l o r o f o r m  e x t r a c t e d  l i q u i d s  and g a s e s  o b t a i n e d  under  
d i f l e r e n t  r e a c t i o n  c o n d i t i o n s  a r e  shown i n  T a b l e  2 and a r e  p r e s e n t e d  i n  F i g u r e  1. 
I t  can  be seen  t h a t  t h e  e x t r a c t  y i e l d  o b t a i n e d  i n  n i t r o g e n  i n c r e a s e s  w i t h  
tempera ture  from 0.9% a t  b l o c  t o  a va lue  of  9.2% a t  40OoC. 
h e a t i n g  on e x t r a c t  y i e l d  a r e  c o n s i s t e n t  w i t h  t h o s e  r e p o r t e d  p r e v i o u s l y  ( 1 , 2 , 7 , 8 )  and 
the  v.tlue a t  4OO0C i s  of t h e  same o r d e r  a s  h a s  been measured € o r  c o a l s  of 
s i m i l a r  rank ( 2 ) .  

The e f E e c t s  o f  

More n o t a b l y ,  a t  t e m p e r a t u r e s  above about  325OC, t h e  t o t a l  y i e l d  i s  
I n c r e a s e d  t o  some d e g r e e  by t h e  presence  of hydrogen g a s  and more a p p r e c i a b l y  by t h e  
combina t ion  o f  hydrogen and impregnated c a t a l y s t .  In t h e  l a t t e r  c a s e ,  t h e  y i e l d  a t  
600'C amounted t o  43.1% of dmmf c o a l  which is mure than  a f a c t o r  of two h i g h e r  
t h a n  obLained i n  hydrogen a l o n e  and over  f o u r  t i m e s  t h a t  i n  n i t r o g e n .  Accura te  
f i g u r e s  f o r  t h e  g a s  make a r e  n o t  y e t  a v a i l a b l e  a l t h o u g h  from p r e l i m i n a r y  e s t i m a t e s  
t h e  q u a n t i t y  d o e s  n o t  a p p e a r  t o  be h i g h e r  t h a n  about  5% dmmf c o a l  a t  t h e  maximum 
t o t a l  y i e l d  measured. 
a s u b s t a n t i a l  p r o p o r t i o n  of t h e  c o a l  s u b s t a n c e  has  been rendered  s o l u b l e  and 

Consequent ly ,  i t  can  be s c e n  t h a t  by c a t a l y t i c  hydrogena t ion  
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TABLE I 

COAL ANALYSIS 

Bituminous HVA 
PSOC 1266 
Ohio 1/5 (Lower Kittanning) 
East Fairfield C '(1 

3.36 
6.09 

83.20 
4.97 
8.64 
2.06 
1.35 
0.76 

' b y  I r w  tempcrature nsl i ing  

TABLE 2 

TOTAL YIELDS (CHLOROFORM SOLUDLES AND GASES) FRON BITUMINOUS COAL 
REACTED FOR 1 h, 1000 p s i g  GAS (COLD) 

Reat tion Temperature, O C  

250 
300 
350 
400 

Yield % dmmf+ 
Noncatalyzed Catalyzed" 

____ 
____ 

0 . 9  
1.2 
6 . 3  

19 .3  

0 . 3  
1 .3  
9 . 2  

43.1 

, 

'Yields are the average ot at least two results. Estimated error tl%. 

5%. MCI on a.r. coal added a s  ammonium liepta molybdate. 
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e x t r a c t a b l e  i n  ch loroform.  The l e s s e r  improvement i n  y i e l d  found i n  hydrogen a l o n e  
mav be a t t r i b u t a b l e  t o  c a t a l y s i s  by d i s p e r s e d  m i n e r a l  m a t t e r .  

From t h e s e  d a t a  I t  i s  n o t  p o s s i b l e  t o  a s c e r t a i n  whether  t h e  c h l o r o f o r m  s o l u b l e  
m a t e r i a l s  r e a l i z e d  under  h y d r o c e n a t i v e  c o n d i t i o n s  a r e  d e r i v e d  s o l e l y  from t h e  more 
r f f i c l e - t  l j b e r a t i o n  of t r a p p e d  s p e c i e s  or  whether  t h e r e  is some accompanyin% 
decompf ls t t ion  o f  t h e  'network. '  N e v e r t h e l e s s ,  t h e  h i s h  y i e l d s  o b t a i n e d  w i t h  
imprecvlnted c a t a l y s t  sugy.est t h a t  a p r o p o r t i o n  of  t h e  e x t r a c t a b l e  p r o d u c t s  may be 
Producrri th rouph r e a c t i o n s  which i n v o l v e  b r e a k i n g  r e l a t i v e l y  s t r o n g  c h e m i c a l  bonds. \ 

- Coal and E x t r a c t  Composition 

The c o a l  a r o m a t i c i t i e s  measured by 13C n.m.r. a r e  shown i n  T a b l e  3. The 
r e s u l t s  o b t a i n e d  by t h e  two methods d i f f e r  s i s n i f i c a n t l y  i n  a b s o l u t e  t e r m s ,  r e a s o n s  
f o r  which a r e  c u r r e n t l y  beiny! i n v e s t i g a t e d ,  The d i f f e r e n c e s  a r e ,  however,  
s y s t e m a t l c  and d e p i c t  t h e  same r e l a t i v e  changes  i n  f , which show t h a t  under  
h o t h  s e t s  of r e a c t i o n  c o n d i t i o n s  t h e  a r o m a t i c i t y  inc?eases .  I n  t h e  p r e s e n c e  of 
c a t a l y s t  t h e  e x t e n t  of a r o m a t i z a t i o n  i s  reduced b u t  t h e  n e t  c h e m i c a l  r e a c t i o n s  
e v i d e n t l y  i n v o l v e  d e h y d r o g e n a t i o n  r a t h e r  t h a n  hydroRenat ion .  

a r e  c o n s i s t e n t  w i t h  t h e  "C n.m.r. a n a l y s e s .  The r e s u l t s  f o r  t h e  c h l o r o f o r m  
s o l u b l e  e x t r a c t s  d o  no t  r e f l e c t  t h e  same t r e n d ,  t h e  hydrogen c o n t e n t  of t h e  e x t r a c t s  
d e r i v e d  f o l l o w i n g  r e a c t i o n  bein,? s i m i l a r  t o  o r  h i g h e r  t h a n  t h a t  from t h e  p a r e n t  
c o a l .  I n  t h e  absence  of Ras a n a l y s e s ,  i t  is d i f f i c u l t  t o  draw any  i n f e r e n c e  from 
t h e s e  d a t a ,  a l thouRh i t  i s  notewor thy  t h a t  t h e  hydrogen  c o n t e n t  o f  t h e  e x t r a c t s  f a  
l i t t l e  t n f l u e n c e d  hy t h e  s u b s t a n t i a l  chanRes i n  y i e l d .  

1 

The hydrocrn  c o n t c n  and  t h e  H I C  r s t i o s  of t h e  c o a l s  and r e s i d u e s ,  T a b l e  4 ,  
-* 

The r o l e  of t h e  added c a t a l y s t  i s  n o t  a t  a l l  c l e a r .  Its a d d i t i o n  r e s u l t s  i n  a 
two-fold i n c r e a s e  i n  an  e x t r a c t a b l e  m a t e r i a l  w h i l e  a p p a r e n t l y  t h e r e  is only a s m a l l  
e f f e c t  on n e t  hydrogenat ion .  

F u r t h e r  c o m p o s i t i o n a l  a n a l y s e s  of  t h e  e x t r a c t s  were u n d e r t a k e n  t o  a t t e m p t  t o  
e l u c i d a t e  t h e  f u n c t i o n ' o f  t h e  c a t a l y s t  and the  o r i K i n  of t h e  a d d i t i o n a l  c h l o r o f o r m  
s o l u b l e  l i q u i d s .  
d e r i v e d  from hydroRenat ive  r e a c t i o n s  i n  t h e  p r e s e n c e  and absence  of  added c a t a l y s t ,  
were found t o  h e  v i r t u a l l y  i n d i s t i n g u i s h a b l e ,  T a b l e  5 .  

The hydroKen t y p e  d i s t r i b u t i o n s  by 'H n.m.r. of e x t r a c t s ,  

A comparison of t h e  d i s t r i b u t i o n  of hydrncarhon f r a c t i o n s  of t h e s e  same samples  
o b t a i n e d  by h i g h  r e s o l u t i o n  mass s p e c t r o m e t r y  (IIRtlS)  and s u b s e q u e n t  d a t a  r e d u c t i o n  
i s  shown i n  FiRure 2. The format  f o r  t h i s  f i g u r e  i s  s imply  a p l o t  o f  i o n  i n t e n s i t y  
v s  Z number c l a s s  (Cxl12x-z) w i t h  e a c h  2 number c l a s s  o r d e r e d  by c a r b d n  
number. (Thus ,  benzenes  c o n t r i h u t e  t o  2-6 n a p t h a l e n e s  t o  Z-12 p h e n a n t h r e n e s  t o  2-18 
and p y r e n e s  t o  2-22.)  
was approximate ly  t h e  same f o r  t h e  two e x t r a c t s  (32% f o r  c a t a l y z e d ,  35% 
n o n c a t a l y z e d )  and t h e  s i m i l a r i t y  of  t h e  HRHS p r o f l l e s  i n d i c a t e s  t h a t  t h e  
d i s t r i h u t i o n  and c o m p o s l t i o n  of t h e  hydocarbons is a l s o  very  s i m i l a r .  T h i s  c l o s e  
c o r r e s p o n d e n c e  of  H R N S  p r o f i l e s  was a l s o  observed  f o r  o t h e r  compound c l a s s e s  i n  t h e  
e x t r a c t s  (Cxlly02, CxHyO,  C H N).  

The y i e l d  o f  hydrocarbons  ( a s  a f r a c t i o n  of t o t a l  e x t r a c t )  

I X Y  

I n o t  y e t  known i f  t h e y  a r e  r e p r o d u c i b l e  o r  s l m l f i c a n t .  A f u r t h e r  and p o s s i b l y  
A numher of  minor d i f f e r e n c e s  were d e t e c t e d  i n  a l l  of t h e  p r o f i l e s  b u t  i t  is 

i m p o r t a n t  d i s t i n c t i o n  was t h a t  i n  t h e  monoxysenate p r o f i l e  ( C  !I 0) t h e  
e x t r a c t  from t h e  c a t a l y z e d  r e a c t i o n  showed a h i r h e r  c o n c e n t r a t i h  of monoaromatlc 
phenols .  
e x t r a c t  c o n t a l n e d  a measurahly  h i g h e r  c o n c e n t r a t l o n  of  p h e n o l i c  -OH groups .  T h i s  
p a r t i c u l a r  phenomenon which h a s  been noted i n  e a r l i e r  s t u d i e s  of low t e m p e r a t u r e  
c o a l  r e d u c t i o n  ( 1 8 )  i s  t h e  s u b j e c t  of c o n t i n u i n g  i n v e s t i g a t i o n .  

Examinat ion  by d i s p e r s i v e  i n f r a r e d  s p e c t r o m e t r y  conf i rmed t h a t  t h i s  
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TABLE 3 

ARI~~LZTICI'IIES OF NONEXTRAC'IEI) COA1.S BY I 3 C  n.m.r. 

r il (CP-MS) 

f a  (Block Decay) 

Samp I e 

Reactiun ,iL 400°C. 1 t i ,  1000 p s i g  H2 ( c o l d )  

No A d d 4  ( : a L a l T v  MO I m  re n a t e d  -___ I'areiit Cun1 

0.71 0.78 0.74  

0.75 0.84 0.79 

TABLE 4 

HYDROGEN C O N l E N T  AND H / C  ATOMIC RA'TIO OF COALS, 
EXTRACI'S AND RESIDUES 

Ke.irtir,ii 400"C,  I h ,  1000 p s i g  H 2  ( co ld )  
- 

__- Pariwt  Coal - No Added Ca ta lys t  Mo Impregnated 

H wt% dmnlf 4 . 9 7  

H/C Atomic 0.72 
(:<la I 

r a t  i o  

H 2: dmmf 4.8h 

H/C i i t un i i c  0.71  
R e s  i d u c  

r a t  i n  

11 r! dmmf 6 . 5 2  

H / C  atomic 1.01 
l:~<tlil<:.t 

r a t i o  

4.51 

0.65 

4.00 

0 .58  

7 . 2 5  

I .05 

TABLE 5 

IIYDROGEN TYPE DISTRIBUTION OF CHLOROFORM SOLUBLE EXTRACTS 
BY 'H n.m.1-. 

( C { W I  t-e;l(:ted :IL 400°C. 1000 p " i x  Hz) 

0.% 0 . 2 5  0.05 

0.34 0 . 2 4  0.07 

5.06 

0 .71  

4.61 

0.63 

6.95 

1.00 

L' 

0 . 3 2  

0.30  
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I 
O v e r a l l  (and e x c e p t l n e  t h e  p o s s i b l e  p r o d u c t i o n  o f  p h e n o l s )  a l t h o u g h  t h e  

c a t a l y s t  h a s  heen found t o  have a major i n f l u e n c e  upon t h e  r e l e a s e  a n d / o r  p r o d u c t i o n  
o f  c h l o r o f o r m  s o l u b l e  m a t e r i a l ,  t h e  a v a i l a b l e  c o n p o s l t i o n n l  I n f o r m a t i o n  i n d i c a t e s  
t h a t  i t s  mechanism I s  u n u s u a l l y  s u h t l e .  The a d d i t t o n a l l y  e x t r a c t a h l e  l i q u i d s ,  
whether  o r i g i n a l l y  t r a p p e d  o r  d e r i v e d  from t h e  'ne twork '  a r e  very  s i m i l a r  i n  
s t r u c t u r e  t o  t h o s e  g e n e r a t e d  i n  t h e  absence  of c a t a l y s t .  
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COAL LIQUEFACTION AND HYDROGEN 
UTILIZATION AT LOW TEMPERATURES 

B.C. Bockrath, E.G. I l l i g ,  
D.H. Finseth,  and R.F. Sprecher  

U.S. Department of Energy 
Pi t t sburgh  Energy Technology Center 

P.O. Box 10940 
Pi t t sburgh ,  PA 15236 

The i n i t i a l  conversion of coa l  t o  mater ia l  t h a t  may be ex t rac ted  by polar  
so lvents  such a s  te t rahydrofuran  o r  pyr id ine  requi res  only r e l a t i v e l y  mild l ique-  
f a c t i o n  condi t ions.  The chemistry of  t h e  i n i t i a l  d i s s o l u t i o n  s t e p s  is very l i k e l y  
t o  be of g r e a t  importance t o  the  o v e r a l l  l iquefac t ion  prnnnss I n  t.ha_t. t.he yield 
and charac te r  of  t h e  i n i t i a l l y  formed products may g r e a t l y  inf luence  t h e  success  
of subsequent l i q u e f a c t i o n  s teps .  Although conversion to  the i n i t i a l  products 
seems t o  r e q u i r e  a minimum of bond breaking, hydrogen-deuterium exchange reac t ions  
ind ica te  t h a t  a r i c h  chemistry t r a n s p i r e s  a t  the same time (1-4). 

I n  t h e  fo l lowing  experiments, t h e  conversion of coa l  was examined a s  a func- 
t i o n  of severa l  v a r i a b l e s  over t h e  range of temperatures from 3000C t o  450OC. The 
net  change i n  both t h e  conten t  and t h e  d i s t r i b u t i o n  of  hydrogen among t h e  products 
was followed using a n  a n a l y t i c a l  scheme based on elemental and NMR analyses .  This  
method h a s  been used t o  determine t h e  ne t  hydrogen u t i l i z a t i o n  divided among cate-  
g o r i e s  f o r  hydrogenation, hydrocarbon gas formation, heteroatom removal, and 
matr ix  bond breaking (5). 

Experimental 

Coal l i q u e f a c t i o n  was conducted i n  a 0.5-L s t i r r e d  autoclave.  I n  a typ ica l  
experiment, 30 g (maf) of coa l  ground t o  pass 60 mesh was charged t o  t h e  autoclave 
along with 70 g of coal-derived so lvent .  The so lvent  was a d i s t i l l a t e  cu t  
(2400C-450oC) obta ined  from opera t ions  a t  t h e  SRC-I1 p i l o t  p l a n t  a t  F t .  L e w i s ,  
Wash. The au toc lave  was pressur ized  with t h e  appropr ia te  amount of hydrogen o r  
ni t rogen t o  o b t a i n  t h e  des i red  operat ing pressure a t  temperature. Heat-up time t o  
l iquefac t ion  temperatures  was about 45 minutes. The autoclave was held a t  
temperature f o r  t h e  s p e c i f i e d  time and then rap id ly  cooled by means of  i n t e r n a l  
water-cooling c o i l s .  Grab samples of  t h e  off-gas  were taken f o r  a n a l y s i s  by gas 
chromatography a s  t h e  au toc lave  was depressurized.  

Conversion d a t a  i n  F igures  1 and 2 were obtained by f i r s t  f i l t e r i n g  t h e  auto- 
c lave  contents  through a Whatman 1541 f i l t e r  on a Buchner funnel  maintained a t  
60OC. The res idue  was then washed with te t rahydrofuran (THF) u n t i l  t h e  washings 
were near ly  c o l o r l e s s .  Data i n  Figure 3 were obtained by f irst  d iges t ing  t h e  
l i q u i d  product from the  autoclave with THF. The d i g e s t  was vacuum-filtered 
through Whatman 112 f i l ter  paper, and t h e  residue was washed with THF u n t i l  t h e  
e x t r a c t  was near ly  c o l o r l e s s .  All residues were dr ied  a t  llOoC and weighed. 
Conversion va lues  were based on t h e  weight of dr ied  residue.  

The methods used t o  determine hydrogen u t i l i z a t i o n  d a t a  have been 
described (5) .  Data from t h e  elemental a n a l y s i s  of  t h e  feed coal and l i q u e f a c t i o n  
so lvent ,  inc luding  t h e  d i r e c t  oxygen ana lys i s ,  were used i n  these  ca lcu la t ions  
( s e e  Table 1) .  The l i q u i d  products  were separated by Soxhlet  e x t r a c t i o n  with 
methylene ch lor ide .  The carbon a r o m a t i c i t i e s  were determined b '3C NMR using 
CP/MAS techniques on t h e  inso luble  f r a c t i o n  and high reso lu t ion  lyC NMR i n  CDzC12 
for  t h e  e x t r a c t .  

I' 
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Resul t s  and Discussion 

/ 
1 

Liquefaction. The r e a c t i v i t i e s  of the two bituminous coa ls  a r e  compared i n  
Figure 1 a s  a func t ion  of temperature. The pronounced d i f fe rence  i n  r e a c t i v i t y  a t  
325OC decreases rap id ly  with increas ing  l i q u e f a c t i o n  temperature. Although a 
d i f fe rence  i n  r e a c t i v i t y  of t h e s e  c o a l s  was expected, i t  is nonetheless  remarkable 
t h a t  t h e  conversion of the  I l l i n o i s  coa l  remains high even a t  a temperature as  low 
a s  325%. The d i f f e r e n c e s  in p a t t e r n s  of hydrogen u t i l i z a t i o n  discussed below are 
not  s t r i k i n g  f o r  these  two coals .  The s t r u c t u r a l  d i f fe rences  between t h e  c o a l s  
t h a t  are responsible  f o r  t h e i r  ind iv idua l  responses t o  react ion temperature is a 
matter  still open t o  quest ion.  A t  least, t h e s e  da ta  i n d i c a t e  t h a t  the  choice of 
feedstock coal  is even more c r i t i c a l  f o r  l i q u e f a c t i o n  a t  lower temperatures than  
a t  conventionally used temperatures. 

The conversion of the  I l l i n o i s  coal  is shown i n  Figure 2 a s  a func t ion  of 
reac t ion  time after reaching temperature f o r  t h r e e  temperatures. I t  is evident  
t h a t  most conversion is complete wi th in  a s h o r t  i n i t i a l  period of reac t ion  even 
f o r  t h e  lowest of l iquefac t ion  temperatures. Undoubtly, some of t h i s  conversion 
occurs during heat-up. Although conversion t o  low molecular weight products  may 
requi re  more severe condi t ions,  t h e  breakdown of t h e  matrix s t r u c t u r e  of coa l  
requi res  l i t t l e  time a t  modest temperatures. This same pat te rn  of r e a c t i v i t y  was 
noted earlier f o r  l i q u e f a c t i o n  of c o a l  i n  t e t r a l i n  a t  400% ( 6 ) .  The present  
experiments show t h a t  the  "prompt" y i e l d  of e x t r a c t  increases  somewhat with 
temperature. 

The e f fec t  of hydrogen pressure on conversion i s  q u i t e  s i g n i f i c a n t .  F igure  3 
conta ins  conversion d a t a  obtained a t  var ious temperatures and pressures  of 
hydrogen or nitrogen. A s  expected, conversions increase  with hydrogen pressure  
but hardly change with increas ing  n i t rogen  pressure.  The s e n s i t i v i t y  of convcr- 
s ion  t o  hydrogen pressure  is a func t ion  of l i q u e f a c t i o n  temperature. For example, 
increas ing  hydrogen pressure from zero  t o  2000 ps i  produces a l a r g e r  increase  i n  
conversion at 400OC than a t  350OC. It is not known whether t h i s  d i f fe rence  is 
r e l a t e d  t o  the thermochemistry of bond s c i s s i o n  reac t ions  or t o  t h e  s t a t e  of  
reduct ion of p y r i t e  i n  the  mineral matter t o  p y r r h o t i t e ,  which may a c t  as a modest 
c a t a l y s t  f o r  coa l  l iquefac t ion .  Under these  r e a c t i o n  condi t ions,  a n a l y s i s  of t h e  
off-gases for  H2S and of t h e  recovered mineral res idues f o r  p y r r h o t i t e  content  
shows t h a t  the  reduct ion of p y r i t e  is incomplete a t  350%. I t  is somewhat g r e a t e r  
a t  4000C, but probably n o t  y e t  complete. 

The character  of the l i q u e f a c t i o n  so lvent  is well-known t o  have a major 
in f luence  on conversion under conventional condi t ions.  A number of experiments 
were made t o  determine whether conversions obtained a t  the r e l a t i v e l y  low tempera- 
t u r e s  employed here  would be s e n s i t i v e  t o  modif icat ions i n  t h e  coal-derived l ique-  
f a c t i o n  solvent. I n  one case,  10% of the weight of t h e  coal-derived so lvent  was 
replaced by t e t r a l i n ,  a well-known hydrogen donor. Many s t u d i e s  have shown t h a t  
coal  conversion increases  with minor addi t ion  of t e t r a l i n  t o  a l i q u e f a c t i o n  
so lvent  t h a t  is poor in donable hydrogen ( 7 ) .  Conversions were not  changed wi th in  
experimental e r r o r  f o r  r e a c t i o n  temperatures of 325oC, 350OC, and 4000C under 
hydrogen pressures  of  e i t h e r  1000 or 2000 psig. Thus the  amount of conversion 
under these  condi t ions is not  l imi ted  by lack  of hydrogen donor compounds i n  t h e  
coal-derived solvent .  

I n  a similar way, 10% o f  the weight of t h e  coal-derived solvent  was replaced 
by pyrene, a compound reported t o  be e s p e c i a l l y  e f f e c t i v e  as both a hydrogen 
t r a n s f e r  agent (8) and a physical  so lvent  for promoting l i q u e f a c t i o n  (9). 
Addit ion of t h i s  compound a l s o  had no e f f e c t  within experimental e r r o r  on conver- 
s ion  obtained a t  350OC o r  400OC under 1000 p s i g  hydrogen. Taken together ,  t h e s e  
experiments i n d i c a t e  t h a t  f o r  l i q u e f a c t i o n  a t  r e l a t i v e l y  low temperatures, t h e  
coal-derived so lvent  employed is not  lacking i n  components s u i t e d  f o r  hydrogen 
donat ion,  hydrogen s h u t t l i n g ,  or phys ica l  so lva t ion .  
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Hydrogen U t i l i z a t i o n .  A second s e t  of autoclave experiments was performed t o  
determine if changes in hydrogen d i s t r i b u t i o n  during l i q u e f a c t i o n  were d i f f e r e n t  
f o r  coals  of d i f f e r e n t  r e a c t i v i t y .  For i n i t i a l  experiments, t h e  reac t ion  condi- 
t i o n s  s e l e c t e d  were 2000 p s i  hydrogen and 1 5  min. a t  var ious temperatures. I n  
order  t o  improve t h e  r e l i a b i l i t y  of the  hydrogen d i s t r i b u t i o n  da ta ,  t h e  work-up 
procedure was modified t o  use only s o l v e n t s  compatible with t h e  NMR measurements 
needed t o  monitor hydrogenation. The e n t i r e  conten ts  of t h e  autoclave were 
Soxhlet-extracted with methylene ch lor ide  t o  y i e l d  s o l u b l e  and inso luble  
f rac t ions .  The y i e l d  of so luble  mater ia l  is  l e s s  using methylene ch lor ide ,  but 
res idua l  so lvent  does not  i n t e r f e r e  with subsequent NMR aromatici ty  measurements. 
Both t h e  s o l u b l e  and inso luble  f r a c t i o n s  undergo elemental and NMR analys is .  
Thus, t h e  r e l a t i v e  amount of each f r a c t i o n  does not a f f e c t  t h e  values  determined 
for t h e  ne t  amount of hydrogen used. For both coals ,  t h e  gas  y i e l d  was negl ig ib le  
a t  300% and 350OC, but  increased to  1.25-1.51 at 4OOOC and 8.2%-8.4% a t  4 5 0 W  on 
an  maf basis .  

/ )  

The tn ta l  kydrzgen u t i l i z s t i o n  io d i r i d e d  i n k  f=- catcgc-ics i n  Tablc  2. 
These r e s u l t s  are a r r i v e d  a t  using an a n a l y t i c a l  approach described 
previously (5). E n t r i e s  in Table 2 g i v e  the n e t  number of hydrogens incorporated 
( p o s i t i v e  sign) or produced (negat ive  sign) per  1 0 0  carbons of  feed s lur ry .  I t  
must be emphasized t h a t  these  numbers i n d i c a t e  only & changes in hydrogen 
involved in a p a r t i c u l a r  mode of u t i l i z a t i o n  and they inc lude  all the  carbon in 
t h e  whole feed s l u r r y  not  j u s t  tha t  i n  the coal .  Negative numbers appearing in 
Table 2 for hydrogenation and matr ix  bond cleavage i n d i c a t e  t h a t  hydrogen (not  
necessar i ly  i n  t h e  form of H2 gas)  i s  being generated within t h e  s l u r r y  by 
dehydrogenation (aromatizat ion)  o r  condensation reac t ions ,  respec t ive ly .  

The d a t a  i n  Table  2 i n d i c a t e  t h a t  cracking reac t ions  producing C1-C4 hydro- 
carbon gases  a r e  not  s i g n i f i c a n t  hydrogen consumers up t o  a t  l e a s t  400%. Hetero- 
atom removal increases  with reac t ion  temperature and is primari ly  oxygen removal 
under these  condi t ions.  (The maximum consumption by removal of N + S in these 
runs was 0.5 HA00 C for I l l i n o i s  #6 a t  450OC.) The higher content of l a b i l e  
oxygen of t h e  I l l i n o i s  #6 coal  is r e f l e c t e d  i n  Table 1. 

The e f f e c t  of temperature on the  aromatici ty  of t h e  t o t a l  product (sols + 
i n s o l s  + gases)  is ind ica ted  i n  Figure 4. The t rend t o  increas ing  product a r m a -  
t i c i t y  with i n c r e a s i n g  temperature is t h e  same for both coals .  The d a t a  ind ica te  
t h a t  a t  low temperatures  t h e  n e t  chemistry i s  hydrogenation, bu t  above about 400° 
t h e  t o t a l  product a romat ic i ty  exceeds t h a t  of the  feed  s l u r r y .  This  ind ica tes  
t h a t  t h e  ne t  r e a c t i o n  above 4OO0C, even under 2000 p s i  hydrogen gas, i s  aromatiza- 
t i o n  of t h e  feed  s l u r r y  (coa l  + solvent) .  

A similar p a t t e r n  was observed i n  an e a r l i e r  s tudy of hydrogen u t i l i z a t i o n  in 
a small cont inuous r e a c t o r ,  although i n  t h a t  case  t h e  magnitude of t h e  var ia t ion  
of net hydrogenation with temperature was l a r g e r  (5 ) .  This  dominance of aromati- 
ZatiOn over  hydrogenation a t  high temperatures is expected on thermodynamic l 
grounds. 1 

During l i q u e f a c t i o n ,  bonds a r e  being both broken ( thermolysis)  and formed 
(condensation). The category "matrix cleavage" i n  Table 2 at tempts  t o  quant i ta te  - 
t h e  mount  of hydrogen involved i n  bond-making/bond-breaking chemistry of  the  feed 
.slurry: T h i s  v d u e  fer t h e  kydrogsn i n ~ n l v e d  i n  bond o l ~ v s g c  is necessar i ly  
determined by d i f fe rence  and thus  should be i n t e r p r e t e d  with caut ion.  With t h i s  
Warning i t  can be noted t h a t  for the  Blacksvi l le  l iquefac t ion  experiments a t  4OO0C 
and 450OC, t h e  n e t  hydrogen u t i l i z e d  i n  matrix cleavage is  nil, i n d i c a t i n g  t h a t  
any bond cleavage t h a t  occurs  consuming hydrogen is balanced by condensation 
reac t ions  producing hydrogen. A t  325OC for the  B l a c k s v i l l e  coa l ,  t h e  data 
i n d i c a t e  n e t  production of 2 hydrogens per 100 s l u r r y  carbons or a s l i g h t  
dominance of condensation reac t ions  over thermolysis  reac t ions .  It is not 
unreasonable t o  expec t  condensation to  predominate a t  low temperatures. The 325OC 



I 
experiments w i t h  I l l i n o i s  #6 coa l  a l s o  i n d i c a t e  a predominance of condensation 
reac t ions ,  bu t  the  s c a t t e r  of  t h e  data  f o r  t h e  I l l i n o i s  116 coal  l i q u e f a c t i o n  
experiments i s  too high t o  comment on with confidence. 

The ne t  amount of hydrogen consumed i n  matrix cleavage i s  a measurement o f  
the  r e s u l t a n t  of two opposing r e a c t i o n  routes  and i s  thus expected t o  be a func- 
t i o n  of so lvent  type,  reac t ion  time, c a t a l y s t ,  coal ,  and temperature. The 
response of hydrogen u t i l i z a t i o n  t o  these var iab les  is  now under inves t iga t ion .  
The present  d a t a  form a base l ine  f o r  f u t u r e  comparisons. Improvements i n  t h e  
a n a l y t i c a l  method w i l l  make it e a s i e r  t o  form firm conclusions on the r e l a t i v e  
importance of  condensation versus  thermolysis a s  a func t ion  of reac t ion  
condi t ions.  

t 

It is  i n t e r e s t i n g  t o  note ,  however, t h a t  both i n  t h i s  work (325OC d a t a )  and 
i n  the previous s tudy of continuous u n i t  operat ion,  t h e r e  is evidence f o r  t h e  
dominance of condensation reac t ions  under mild condi t ions.  The a n a l y t i c a l  
approach used t o  generate  t h e  d a t a  i n  Table 2 is  still undergoing refinement, bu t  
i t  appears t h a t  it may be q u i t e  usefu l  f o r  charac te r iz ing  d i f fe rences  i n  l iquefac-  
t i o n  chemistry and t h e i r  dependence on reac t ion  condi t ions.  

I 
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TABLE 1. ELEMENTAL ANALYSES, MAF 

C H N 0 S 

BLACKSVILLE COAL 80.6 5.6 1.4 9.4 3.1 

I L L I N O I S  #6 COAL 73.7 5.6 1,s 14.8 4.5 

SULVSIJS 8 i , i  8.0 1 .4  5 - 0  0.4 

MOISTURE FREE ASH CONTENTS WERE BLACKSVILLE = 11.9;8, I L L I N O I S  #6 = 13.6%, 
SOLVENT < 0.1%. 

TABLE 2. 
HYDROGEN UTILIZATION VS. COAL REACTIVITY 

AND TEMPERATURE HYDROGENS INCORPORATED 
PER 100 CARBONS OF FEED SLURRY 

BLACKSVILLE #2 ILLINOIS #6 
FATE OF 32S0 4000 450° 300° 300° 325* 400' 450° 450' 

HYDROGEN oup. Dup. 

Gas Make 0 0 3  0 0 0 0 3 3  

Heteroatom 
Removal 0 1 1  1 0 1 2 3 3  

1 -2 -3 1 1  2 0 . 3 . 3  

0 + 2  -2 + 2  .1 0 

Hydrogenation 

Matrix Cleavage -2 0 0 

TOTAL -1  - 1  + 1  c2 + 3  + 1  + 4  +2 + 3  
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The Response o f  High Temperature C a t a l y t i c  
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Tet ra l in -Hydroyen React ion t o  Free Radical  A d d i t i o n  

I .  INTRODUCTION 

The l i t e r a t u r e  i s  ambiyuous regard ing  t h e  r e a c t i o n  produc ts  ob ta ined when 
t e t r a l i n  and hydrogen are  reac ted  above 425OC i n  t h e  presence o f  a c a t a l y s t .  Yen e t  
a l .  (1 )  r e p o r t e d  t h a t  t e t r a l i n  d i s p r o p o r t i o n a t i o n  occurs, a t  4 5 5 O C .  and naphthalene 
and o n l y  one o f  t h e  d e c a l i h  isomers are  formed. They a l s o  r e p o r t e d  t h e  presence o f  
an u n i d e n t i f i e d  product.  Hooper e t  a l .  (Z), w i t h  t h e  a i d  o f  recent  advances i n  
chromatographic ana lys is ,  suygested t h a t  t h e  compound i d e n t i f i e d  as a d e c a l i n  isomer 

occur.  However, they  d i d  n o t  analyze any a c t u a l  p roduc ts  f rom c a t a l y t i c  
hydro t rea tment  o f  t e t r a l i n .  

I n  t h i s  r e p o r t ,  yas chromatoyraphic analyses o f  t h e  produc ts  f rom c a t a l y t i c  
I dehydroyenat ion o f  t e t r a l i n  a t  45U°C are  presented. These analyses served as t h e  

, c o u l d  be methyl indan and at tempted t o  show t h a t  t e t r a l i n  d i s p r o p o r t i o n a t i o n  d i d  n o t  

b a s e l i n e  f o r  comparison o f  r e a c t i o n s  i n  which d ibenzy l  was added t o  p r o v i d e  a source 
o f  f r e e  r a d i c a l s  s i m i l a r  t o  those produced d u r i n y  t h e  i n i t i a l  s tayes  o f  c o a l  
1 i q u e f a c t i o n .  

11. EXPERIMENTAL 

The experiments were c a r r i e d  o u t  i n  a t u b i n y  bomb m i c r o r e a c t o r  cons t ruc ted  f rom 

The o t h e r  end was connected 
a s i x  i n c h  l e n y t h  o f  316 seamless s t a i n l e s s  s t e e l ,  1/2- inch 0.U. tub iny .  One end o f  
t h e  m i c r o r e a c t o r  was sealed w i t h  a l / Z - i n c h  Gyrolok cap. 
t o  a 3 and l / $ - i n c h  l e n y t h  o f  31b seamless s t a i n l e s s  s tee l ,  1/4- inch U.U., t u b i n y  
w i t h  a Gyrolok reducing union. 
o t h e r  end o f  the  1 /4 - inch  O.U. tub ing .  

f l u i d i z e d  sand ba th  which was equipped w i t h  a temperature c o n t r o l l e r  and a 
thermocouple f o r  m o n i t o r i n y  t h e  temperature.  
v e r t i c a l  p lane w i t h  a 1 and l / Z - i n c h  s t roke .  
shown ( 3 )  t o  reduce mass t r a n s f e r  e f f e c t s  i n  t h e  mic roreac tor .  Two s t e e l  b a l l  
a g i t a t o r s  o f  l / t l - i n c h  diameter were a l s o  added t o  t h e  m i c r o r e a c t o r  t o  ensure good 
end-to-end mix ing  d u r i n y  r e a c t i o n .  

( 2 0 - 2 ! ~ ~ C )  t o  s top t h e  reac t ion .  
c o l l e c t e d  i n  a v i a l .  

A Nupro f i n e  meter iny  v a l v e  was connected t o  t h e  

The r e a c t i o n  temperature was main ta ined by immersiny t h e  m i c r o r e a c t o r  i n  a 

The m i c r o r e a c t o r  was a g i t a t e d  i n  a 
An a g i t a t i o n  r a t e  o f  860 rpm has been 

I 
A t  t h e  end o f  t h e  d e s i r e d  r e a c t i o n  t ime, t h e  m i c r o r e a c t o r  was quenched i n  water  

The m i c r o r e a c t o r  was then vented and i t s  con ten ts  

The r e a c t i o n  produc ts  were analyzed u s i n y  a Var ian 3700 yas chromatoyraph 
equipped w i t h  a CDS-111 i n t e g r a t o r .  
0.314 
a s s i s t  i n  t h e  i d e n t i f i c a t i o n  o f  t h e  r e a c t i o n  products,  some o f  t h e  samples were 
ana lyzed w i t h  a yas chromatography-mass spectroscopy (GCMS) u n i t .  A capi  11 a r y  column 

Separat ion was accomplished w i t h  a 6O-meter, 
I.D., fused s i l i c a  c a p i l l a r y  column w i t h  a UB-5 bonded phase (0.25 m). To 
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was used f o r  separa t i on  o f  t h e  products .  
experiments were then i d e n t i f i e d  by comparison o f  t h e  chromatoyrams w i t h  t h e  
chromatograms of t he  samples analyzed w i t h  LiCMS. 

The composi t ion o f  t he  o the r  r e a c t i o n  

111. RESULTS AND UISCUSSIUN 

Three r e a c t i o n  parameters were chosen f o r  man ipu la t i on  t o  i n v e s t i g a t e  t h e  
t e t r a l i n - h y d r o y e n  r e a c t i o n  a t  a r e l a t i v e l y  h i g h  temperature (45OOC). These 
parameters were: 

(1 )  a d d i t i o n  o f  d ibenzy l  as a f r e e  r a d i c a l  p recu rso r  
( 2 )  c a t a l y s t  a d d i t i o n  
(3 )  a d d i t i o n  o f  gaseous hydrogen 

Dibenzyl was se lec ted  as t h e  f r e e  r a d i c a l  preciirqnr, Dihenzyl cle.ves z t  ccs! 
l i q u e f a c t i o n  c o n d i t i o n s ,  producing benzyl f r e e  rad i ca l s .  The pr imary r e a c t i o n  o f  
d ibenzy l  i s  assumed t o  be thermal  c rack ing  fo l l owed  by s t a b i l i z a t i o n  o f  the benzyl 
f r e e  rad i ca l s .  Cronauer e t  a l .  (4)  observed no i nc rease  i n  t h e  r a t e  o f  d ibenzy l  
convers ion w i t h  the a d d i t i o n  o f  c a t a l y s t s .  

Table 1 presents  the  response o f  t he  product  d i s t r i b u t i o n  t o  t h e  a d d i t i o n  o f  
d ibenzy l ,  and hence, t h e  presence o f  f r e e  r a d i c a l s .  The p r i n c i p a l  products  o f  the 
dibenzyl-tetralin-hydroyen r e a c t i o n  were benzene, to luene,  methyl indan, and 
naphthalene. Very sma l l  amounts o f  e t h y l  benzene, b u t y l  benzene, and t rans -deca l i n  
were found i n  some experiments. Traces o f  c i s - d e c a l i n  and s t i l b e n e  were a l s o  
detected. 

With t h e  a d d i t i o n  o f  d ibenzy l ,  t h e  w s t  s i g n i f i c a n t  r e s u l t  was an increase i n  
t h e  format ion o f  methy l  indan, t h e  isomer of t e t r a l i n .  Approx imate ly  twenty percent 
o f  t h e  t e t r a l i n  was i somer i zed  w i t h  t h e  a d d i t i o n  o f  d ibenzy l ,  bo th  w i t h  and wi thout  
c a t a l y s t .  Cronauer e t  a l .  (5)  and McNeil e t  a l .  ( 6 )  have a l s o  repo r ted  an increase 
i n  t h e  i s o m e r i z a t i o n  o f  t e t r a l i n  w i t h  the  a d d i t i o n  o f  d ibenzy l .  

observed (i.e., 5.7 wt% and 7.9 wt% methyl indan was formed w i t h  and w i thou t  c a t a l y s t  
present, r e s p e c t i v e l y ) .  
as low as 350°C i n  a n i t r o g e n  atmosphere (2 ) .  Penninger and Slotboom (7,8) heated 
t e t r a l i n  w i t h  hydrogen i n  t h e  absence o f  c a t a l y s t  a t  pressures o f  10 t o  100 atm and 
temperatures of  460 t o  56UOC. Methyl indan was repo r ted  among t h e  p r i n c i p a l  
products. 
t h e  hydrogen atoms ( i  .e. f r e e  r a d i c a l s )  t o  i n i t i a t e  t h e  i s o m e r i z a t i o n  react ion.  

Even when t h e r e  was no d ibenzy l  present, some i s o m e r i z a t i o n  o f  t e t r a l i n  was 

I s o m e r i z a t i o n  o f  t e t r a l i n  has been repo r ted  a t  temperatures 

They proposed t h a t  t h e  dehydrogenation o f  t e t r a l i n  t o  naphthalene provided 

The fo rma t ion  o f  benzyl f r e e  r a d i c a l s  f rom d ibenzy l  i s  a thermal  process. 

verted; i n s t e a d  i t  was f e l t  t h a t  i t s  a d d i t i o n  would a l t e r  t h e  product  d i s t r i b u t i o n ,  
i .e., main ly  t h e  r e l a t i v e  amounts o f  t e t r a l i n  i s o m e r i z a t i o n  and dehydrogenation 
products .  
s l i g h t l y  w i t h  t h e  a d d i t i o n  o f  p r e s u l f i d e d  CoMo/Al203 c a t a l y s t .  
t e t r a l i n  dehydrogenat ion t o  f rom naphthalene increased s i g n i f i c a n t l y  w i t h  t h e  addi- 
t i o n  o f  c a t a l y s t .  T h i s  i nc rease  was even more pronounced when nn dihenzy! was added; 
t h e  amount o f  naphthalene fo rma t ion  increased from 1.3 wt% t o  13.0 w t %  w i t h  t h e  addi- 
t i o n  of c a t a l y s t .  When d ibenzy l  was present ,  t he  amount o f  naphthalene format ion 
increased o n l y  from 6.6 w t %  t o  9.8 wt% w i t h  t h e  a d d i t i o n  o f  c a t a l y s t .  

was observed, and t h a t  was when c a t a l y s t  was present .  
c i s - d e c a l i n  was observed i n  any o f  t h e  products  analyzed. 

Thus, t he  use o f  c a t a l y s t s  was n o t  in tended t o  change t h e  amount o f  d ibenzy l  con- ', 
The r a t e  of f o rma t ion  o f  t h e  t e t r a l i n  isomer, methyl indan, changed 

However, t h e  r a t e  of 
L 

\ 

For the  product  analyses y iven i n  Table 1, on ly  a small  amount o f  t rans-decal in  
No s i g n i f i c a n t  amount o f  

For t h e  r e a c t i o n  
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COnditiOnS used here  then (4SUoC, etc.),  c a t a l y s t  a d d i t i o n  caused an i n c r e a s e  i n  t h e  
r a t e  o f  dehydrogenat ion o f  the  t e t r a l i n  r a t h e r  than an inc rease i n  t h a t  o f  
hydroyenat ion.  

hydroyen. Vernon (9)  has shown t h a t  mo lecu la r  hydrogen can r e a c t  d i r e c t l y  w i t h  t h e  
benzyl  f r e e  r a d i c a l  t o  y i e l d  to luene. Shah and Cronauer (10) .  however, have 
demonstrated t h a t  t h e  benzyl  f r e e  r a d i c a l s  have a d i s t i n c t  p re fe rence f o r  combined 
hydrogen over mo lecu la r  hydroyen under r e a c t i o n  c o n d i t i o n s  s i m i l a r  t o  t h o s e  used i n  
t h i s  work. They r e p o r t e d  t h a t  t h i s  p re fe rence i s  enhanced i f  t h e  concent ra t ion  o f  
t!ydroaromatics i s  hiyh.  The molecu la r  hydrogen was b e l i e v e d  t o  p r o v i d e  hydrogen f o r  

I n  t h i s  work, t e t r a l i n  serves 
as t h e  hydrogen donor, and a pr imary  o b j e c t i v e  o f  t h e  study was t o  e v a l u a t e  t h e  
response o f  the  rehydroyenat ion  r a t e  o f  t h e  t e t r a l i n  versus t h a t  o f  i s o m e r i z a t i o n  t o  
t h e  a d d i t i o n  o f  yaseous hydroyen. 

a hydroyen atmosphere (800 p s i y  
a t  room temperature) and an i n e r t  n i t r o y e n  atmosphere (3UU p s i y  a t  room tempera ture) .  
The produc t  d i s t r i b u t i o n s  f o r  each case a r e  presented i n  Table 2. The convers ion  o f  
d ibenzy l  was approx imate ly  t h e  same i n  each case. 
t e t r a l i n  t o  form methyl indan was lower i n  t h e  n i t r o y e n  atmosphere. 
sugyests t h a t  mo lecu la r  hydroyen can p a r t i c i p a t e  i n  t h e  r e a c t i o n  mechanism f o r  
t e t r a l i n  i somer iza t ion .  However, t h i s  p a r t i c i p a t i o n  may be i n d i r e c t .  
atmosphere t h e  dehydrogenat ion r a t e  f o r  t e t r a l i n  should be lower than t h a t  i n  a 
n i t r o y e n  atmosphere. As a r e s u l t ,  more t e t r a l i n  should be a v a i l a b l e  f o r  
i s o m e r i z a t i o n .  
r e a c t  w i t h  t h e  molecu la r  hydroyen t o  produce hydroyen atoms, then these atoms c o u l d  
p a r t i c i p a t e  d i r e c t l y  i n  t h e  t e t r a l i n  i s o m e r i z a t i o n  r e a c t i o n s  (8,Y). 

an i n e r t  n i t r o g e n  r e a c t i o n  atmosphere (Tab le  2) .  The oppos i te  was t r u e  w i t h  a 
hydroyen atmosphere. 

The r e a c t i o n  o f  t e t r a l i n  i n  t h e  presence o f  bo th  d ibenzy l  and hydrogen was used 
as a b a s e l i n e  system f o r  comparison. 
dehydrogenat ion t h a t  occurred, when no hydroyen was i n i t i a l l y  present,  r e l a t i v e  t o  
t h a t  ob ta ined w i th  t h i s  b a s e l i n e  system was determined. The increase observed when 
no d ibenzy l  was present was a l s o  determined. These responses are  compared i n  Tab le  
3. Apparent ly t h e  inc rease i n  t h e  r a t e  o f  t e t r a l i n  dehydroyenation, i n  response t o  
t h e  absence o f  hydroyen, was much h igher  than it was i n  response t o  t h e  absence o f  
d i  benzyl  . 

When no hydroyen was present  t h e r e  was about an 8.4 wt.X decrease f rom t h e  
b a s e l i n e  value (19.9 wt .%)  i n  t h e  amount o f  t e t r a l i n  t h a t  i somer ized t o  fo r i 1  methyl  
indan (Table 4). S i m i l a r l y ,  when no d ibenzy l  was present ,  t h e  amount o f  t e t r a l i n  
conver ted  t o  methyl  indan decreased by about 12.0 wt .% below t h e  b a s e l i n e  value. 

a h i g h e r  hydrogen donor r e a c t i v i t y  than t h a t  o f  t e t r a l i n  (12). 
t h e  r e l a t i v e  r e a c t i v i t y  o f  t h e  t e t r a l i n  f o r  donat iny  hydroyen t o  t h e  benzyl  r a d i c a l s  
was made by de termin ing  t h e  decrease i n  t h e  e x t e n t  o f  t e t r a l i n  dehydroyenat ion t h a t  
occur red  i n  response t o  t h e  a d d i t i o n  o f  e i t h e r  q u i n o l i n e  o r  phenanthr id ine .  
i )u ino l ine  and phenanthr id ine  a r e  bas ic  n i t r o y e n - c o n t a i n i n g  aromat ic  compounds s i m i l a r  
t o  those found i n  c o a l - d e r i v e d  l i q u i d s .  These compounds have a r e l a t i v e l y  h i y h  
a d s o r p t i v i t y .  As a r e s u l t ,  these compounds adsorb p r e f e r e n t i a l l y  on to  t h e  c a t a l y s t  
sur face  and are hydroyenated i n  p re fe rence t o  compounds l i k e  naphthalene ( i  .e., t h e  
dehydrogenated t e t r a l i n  p r o d u c t )  which have a lower r e l a t i v e  a d s o r p t i v i t y  (13). 
hydroyenated produc ts  o f  these compounds (ey. THQ) a r e  e x c e l l e n t  hydrogen donors. 

The t h i r d  r e a c t i o n  parameter which was s t u d i e d  was t h e  a d d i t i o n  o f  yaseous 

1 

rehydroyenat ion" o f  dep le ted  hydrogen donor so lvent .  ! 

Two extremes o f  r e a c t o r  atmosphere were used: 

The r a t e  o f  i s o m e r i z a t i o n  o f  
T h i s  r e s u l t  

I n  a hydroyen 

A more d i r e c t  r o l e  o f  t h e  hydrogen cou ld  be t h a t  t h e  benzyl  r a d i c a l s  

! 

The r a t e  o f  t e t r a l i n  dehydrogenat ion was h i g h e r  than t h a t  o f  i s o m e r i z a t i o n  w i t h  

The increase i n  t h e  amount o f  t e t r a l i n  

A number o f  compounds such as t e t r a h y d r o q u i n o l i n e  (THU) have been shown t o  have 
A crude measure o f  

The 
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McNeil e t  a l .  (6)  measured the  response o f  t e t r a l i n  dehydroyenation and 
i somer i za t i on  i n  the  presence o f  d ibenzy l  t o  t h e  a d d i t i o n  o f  d i f f e r e n t  po l ynuc lea r  
aromat ic  compounds (e.g. phenanthrene, pyrene). 
response t o  occur  i n  t h e  t e t r a l i n  isomer izat ion.  
t h e  t e t r a l i n  dehydrogenat ion occurred i n  response t o  t h e  a d d i t i o n  o f  c e r t a i n  
aromat ics.  
observed t o  vary d i r e c t l y  w i t h  t h e  number o f  condensed r i n g s  i n  t h e  aromat ic  compound 
added. 

They observed an i n s i g n i f i c a n t  
However, a s i g n i f i c a n t  decrease i n  

I n  an e a r l i e r  work ( l l ) ,  t h i s  decrease i n  t e t r a l i n  dehydroyenation was 

The response o f  t e t r a l i n  i s o m e r i z a t i o n  t o  t h e  a d d i t i o n  o f  e i t h e r  qUinOl ine o r  
phenan th r id ine  i s  shown i n  F igu re  1. 
a s i g n i f i c a n t  i n f l u e n c e  on the  ex ten t  o f  t e t r a l i n  i s o m e r i z a t i o n  t h a t  occurred.  
However, as shown i n  F i g u r e  2, t h e  a d d i t i o n  o f  e i t h e r  q u i n o l i n e  o r  phenan th r id ine  
caused only  a s l i g h t  decrease i n  the  amount o f  t e t r a l i n  dehydroyenation (14.2 wt.% 
versus 6.6 and 1U.4 wt%).  The r e l a t i v e  i n s e n s i t i v i t y  o f  t he  t e t r a l i n  dehydrogenation 
t o  t h e  a d d i t i o n  o f  these bas i c  n i t r o y e n - c o n t a i n i n g  compounds i s  somewhat s u r p r i s i n g .  
E a r l i e r  i t  was shown t h a t  t he  presence o f  a c a t a l y s t  caused a s i g n i f i c a n t  i nc rease  i n  
t e t r a l i n  dehydroyenat ion (Table 1 ) .  
phenan th r id ine  on the c a t a l y s t  should i n h i b i t  dehydrogenation. It appears, however, 
t h a t  these compounds a c t  more t o  quench t h e  benzyl r a d i c a l s  and thereby i n h i b i t  
t e t r a l i n  i s o m e r i z a t i o n  w i t h o u t  s i y n i f i c a n t l y  i n h i b i t i n y  dehydrogenation o f  t h e  
t e t r a 1  i n .  

The presence o f  q u i n o l i n e  o r  phenan th r id ine  had 

P r e f e r e n t i a l  adso rp t i on  o f  t h e  q u i n o l i n e  o r  

I V .  SUMMARY OF RESULTS 

The p r i n c i p a l  p roduc ts  o f  t h e  h i g h  temperature, c a t a l y t i c  r e a c t i o n  o f  t e t r a l i n  
i n  t h e  presence of d ibenzy l  and yaseous hydrogen were found t o  be naphthalene and 
methyl indan. A small  amount o f  t rans -deca l i n  was observed t o  be formed. The 
i somer i za t i on  o f  t e t r a l i n  increased w i t h  t h e  a d d i t i o n  o f  d ibenzy l ,  a f r e e  r a d i c a l  
precursor .  The a d d i t i o n  o f  a p r e s u l f i d e d  CoMo/A1203 c a t a l y s t  had a smal l  e f f e c t  on 
t e t r a l i n  i s o m e r i z a t i o n  and dehydrogenation i n  t h e  presence o f  d ibenzy l .  However, i n  
t h e  absence o f  d ibenzy l ,  c a t a l y s t  a d d i t i o n  had a s i g n i f i c a n t  e f f e c t  on t e t r a l i n  
dehydrogenation. 

T e t r a l i n  dehydroyenat ion increased s i g n i f i c a n t l y  when an i n e r t  n i t r o y e n  
atmosphere r a t h e r  than a hydroyen atmosphere was used. 

T e t r a l i n  i s o m e r i z a t i o n  decreased s i y n i f i c a n t l y  w i t h  t h e  a d d i t i o n  of  e i t h e r  
q u i n o l i n e  o r  phenan th r id ine ;  whereas t e t r a l i n  dehydroyenation decreased o n l y  s l i y h t l y  
w i t h  the  a d d i t i o n  o f  e i t h e r  o f  these compounds. 

86 



References 
1. Yen, Y. K., F u r l a n i ,  D. E., and Wel ler ,  S. W., Ind. Eny. Prod. Res. k V . ,  - 15, 24 (1976). 
2. Hooper, R. J., Battaerd,  H. A., and Evans, D. G., E, 8, 132 (1979).  
3. Gal lokato,  S. V., "Ana lys is  o f  Mass T r a n s f e r  i n  Coal L i q u e f a c t i o n  

reactors,"  Ph.D. D i s s e r t a t i o n ,  Auburn U n i v e r s i t y ,  AL (March 1984). 
4. Cronauer, D. C., Jewel l ,  D. M., Shah, Y .  T., and Modi, K. J., Ind. Eny. 

Chem. Fund., 18, 153 (1979) .  
5. Cronauer, D. C., Jewe l l ,  0. M., Shah, Y. T., and Kueser, K. A., Ind. Eny. 

Chem. Fund., 11, 291 (1978). 
6. McNeil ,  R. I . ,  Cronauer, D. C., and Youny, D. C., E, 62, 401 (1983).  
7. Penninyer, J. M. and Slotboom, H. W., Rec. Trav. Chim. Pays-Bas, )2, 513 

( 1  973). 
8. Penninyer, J. M. and Slotboom, H. W . ,  Rec. Trav. Chim. Pays-Bas., 2, 1089 

(1973). 
9. Vernon, L. W., E, E, 102 (1980). 

10. Shah, Y. T. and Cronauer, D. C., Ca ta l .  Rev. - Sci .  Eny., 20, 209 (1979). 
11. Cronauer, D. C., McNeil, K. I . ,  Youny, D. C., and Ruberto. R. G., Fuel ,  61, 

610 (1982). 
12. C u r t i s ,  C. W., Guin, J. A., and Kwon, K. C., "Coal S o l v o l y s i s  i n  a S e r i e s  

o f  Model Compound Sy;tems," m, ( i n  press) .  
13. Shr idharani ,  K. G., M inera l  C a t a l y s i s  o f  O i l -Produc ing  React ions i n  Coal 

L iquefac t ion , "  Ph.0. D i s s e r t a t i o n ,  Auburn U n i v e r s i t y ,  Auburn, AI., March 17, 
1983. 

07 

J 



Table 1 

Response i n  Product  D i s t r i b u t i o n  t o  A d d i t i o n  o f  Uibenzy l ,  
w i t h  and w i thou t  C a t a l y s t  Present 

Product D i s t r i b u t i o n .  w t %  

I n i t i a l  C a t a l y s t  T e t r a l  i n  Naphthalene Methyl Benzene Toluene D i  benzyl 
D i  benzyl (ppm) Indan 

(WtX) 

-- -- -- 0 0 92.9 1.3 5.7 

0 1000 71.2 13.0 7.9 
20 0 56.9 6.6 16.4 0.6 11.4 8.0 

20 1000 54.3 9.8 15.9 0.6 10.4 8.8 
-- -- -- 

React ion M ix tu re :  5.0g d i  benzyl and t e t r a l i n  
Ca ta l ys t  Loadiny: 1000 y o f  t o t a l  metal i n  p r e s u l f i d e d  CoMo/A1203 per  106 y 

o f  t e t r a l i n .  

I n i t i a l  H2 Pressure = 800 p s i y  a t  25°C 
T i  me = 60 minutes 
A g i t a t i o n  Kate = 860 rpm 
Reactor  = Tubiny bomb M ic ro reac to r  

Reaction Cond i t i ons :  Temperature = 450OC 

-_--____--------- 
Table 2 

Comparison Between Product D i s t r i  b u t i o n  i n  a Hydroyen Atmosphere 
w i t h  That i n  a N i t royen  Atmosphere 

--*_)----_-=. 1-- --s-r-le--__Y__Y- -__rr__---- 

Product D i s t r i b u t i o n ,  Weight % 

Atmosphere T e t r a l  i n  Naphthalene Methyl Indan Benzene Toluene D i  benzyl 

H2 s4.3 9.8 15.9 0.6 10.4 8.8 
N2 47 .o 23.6 9.2 0.3 9.8 9.8 

Reac t ion  M ix tu re :  5.0 y 20 w t %  d ibenzy l  i n  t e t r a l i n  
1000 g metal i n  p r e s u l f i d e d  CoMo/A1203 c t a l y s t  per  106 
o f  t e t r a l i n  

React ion Cond i t i ons :  Temperature = 450°C 
I n i t i a l  Pressure = 800 p s i q  H2, o r  300 p s i s  N z ,  a t  25OC 
Time = 60 minutes 
A y i t a t i o n  Rate = 860 rpm 
Reactor  = Tubing Bomb M ic ro reac to r  
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Tab le  3 

Comparison Between the  Change i n  t h e  Weiyht Percent 
o f  the  T e t r a l i n  Dehydroyenated w i t h  No Uibenzyl  

Present and That w i t h  No Hydroyen Gas Present 
---------I r -XI r*- =--- -----*-_a__. 

Chanye from Base l ine  Cond i t ions*  Increase i n  Amount o f  T e t r a l i n  
Dehydroyenated ( A W t  .%) 

No Dibenzyl  Present 
No Hydroyen Present 

0.7 
17.5 

*Basel ine React ion Cond i t ions :  
React ion M i x t u r e :  5.09 o f  20 wt.% d ibenzy l  i n  t e t r a l i n  
C a t a l y s t  Loading: lU0U 9 o f  t o t a l  metal i n  p r e s u l f i d e d  CoMo/AlpOj p e r  

106 y o f  t e t r a l i n  

I n i t i a l  H2 Pressure = 800 p s i y  a t  25°C 
Time = bU minutes 
A g i t a t i o n  Hate = 860 rpm 
Reactor  = Tubing Bomb M i c r o r e a c t o r  

React ion Cond i t ions :  Temperature = 45UOC 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Tab le  4 

Comparison Between the  Chanye i n  t h e  Weiyht Percent 
o f  t h e  T e t r a l i n  Isomerized w i t h  No Dibenzyl  

Present and That w i t h  No Hydroyen tias Present 
-- -.--**=--=-* n---_m=---P_ -- ----------- 
Chanye from Base l ine  Cond i t ions*  Decrease i n  Amount o f  T e t r a l i n  

Isomerized (AWt.%) 

No Dibenzyl  Present 
No Hydroyen Present 

12.0 
8.4 

*Basel ine React ion Cond i t ions :  
React ion M i x t u r e :  5.0~ o f  2U wt.% d ibenzy l  i n  t e t r a l i n  
C a t a l y s t  Loadiny: lUUU y o f  t o t a l  metal  i n  p r e s u l f i d e d  CoMo/AlzUj p e r  

106 y o f  t e t r a l i n  

I n i t i a l  HZ Pressure = 800 p i g  a t  25OC 
Time = bU minutes 
A g i t a t i o n  Rate = 860 rpm 
Reactor = Tubiny nomb M i c r o r e a c t o r  

React ion Cond i t ions :  Temperature = 450OC 
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M l x t u r e  o f  Hydrogen  Donor  and H y d r o g e n  Donor  P r e c u r s o r  

R e a c t i o n  M i x t u r e :  2.0 g 5 0  *ut% d i b e n r y l  I n  t e t r a l i n  o r  1 1 1  w t .  
r a t i o  o f  t e t r a l l n  t o  q u i n o l i n e  o r  p h e n a n t h r l d l n e  
1000 g o f  Mo p e r  I O6 g o f  t e t r a l l n  and 

q u i n a l l n e  o r  p h e n a n t h r l d l n e  m i x t u r e  

Reaction Conditions: T a m p e r a t u r e  = 45O'Cr 
I n i t i a l  H, P r e s s u r e  = 800 p s l g  a t  2 5 O C  
T l m e  = 6 0  m i n u t e s  
A g i t a t i o n  R a t e  = 8 6 0  r p m  
R e a c t o r  = T u b i n g  Bomb M l c r o -  

r e a c t o r  

F i g u r e  I. Response  of T e t r a l l n  l s o m e r l z a t l o n  t o  t h e  a d d i t i o n  o f  e i t h e r  
Quinoline o r  P h e n a n t h r i d l n e  
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I O  

5 

C 
P u r e  Q u i n o l i n e  and P h e n o n t h r i d i n e  a n d  
T e t r a l i n  T e t r a l l n  T e t r o l l n  

M i x t u r e  of H y d r o g e n  Donor  and H y d r o g e n  Donor  P r e c u r s o r  

R e a c t i o n  M i x t u r e :  2.0 g 50  w t %  d i b e n z y l  i n  t e t r o l i n  o r  I :  I w t .  
r a t i o  o f  t e t r a l i n  t o  q u i n o l i n e  o r  p h e n o n t h r i d i n e  
I O 0 0  g Ma p e r  I O6 g o f  t e t r a l i n  and q u i n o l i n e  

o r  o h e n o n t h r i d i n k  m i x t u r e  

Reaction Conditions; T e m p e r a t u r e  = 4 5 O O C  
I n i t i a l  H, P r e s s u r e  = 8 0 0  p s i g  a t  2 5 ° C  
Time = 6 0  m l n u t e s  
A g i t a t i o n  R a t e  = 8 6 0  r p m  
R e a c t o r  = T u b i n g  B o m b  M l c r o -  

r e a c t o r  

F i g u r e  2. Response o f  T e t r a l i n  D e h y d r o g e n a t i o n  t o  t h e  a d d i t i o n  o f  e i t h e r  
Q u i n o l i n e  o r  P h e n a n t h r i d i n e  
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LIQUEFACTION OF WYODAK COAL IN INDOLINE* 

Thomas D. Padrick and Steven J. Lockwood 

Sandia National Laboratories, Albuquerque, NM 87185 

INTRODUCTION 

Several investigators have observed an enhancement of Wyodak coal 
liquefaction when 1,2,3,4-tetrahydroquinoline (THQ) is used as the 
solvent (1,2). A difficulty in evaluating the cause of this observed 
enhancement was that THQ possesses both hydrogen-donor and polar (basic 
nitrogen) characteristics. We examined the liquefaction behavior of 
Wyodak coal in a variety of heterocyclic solvents to learn the role of 
the nitrogen functionality in coal liquefaction ( 3 ) .  We otserved high 
cnnversion for Wyndak ~ ~ 2 1  i f i d ~ l ~ ,  e fiofi-hvdvngen-dcficr, --A -- - nitrnnnn- _.---->---  

heterocyclic solvent. We found that a large fraction of the Wyodak coal 
was held together by hydrogen bonds which were disrupted by interaction 
with the N-H functionality of indole to form associatively bound coal- 
indole complexes. These coal-indole complexes were THF soluble and 
accounted for the high conversion observed for Wyodak liquefaction in 
indole under mild liquefaction conditions. We feel this mechanism would 
also explain the role of the basic nitrogen functionality in other 
solvents with the N-H structure, such as THQ. 

teristic of the solvent, we began a study of a solvent possessing both 
basic-nitrogen and hydrogen-donor characteristics. We chose to inves- 
tigate indoline (2,3-dihydroindole) because it has both solvent char- 
acteristics, has a single dehydrogenated species (indole), which along 
with the hydrogenated form is readily monitored, and knowledge of the 
liquefaction behavior of its dehydrogenated form had already been 
obtained. We have now conducted experiments in indoline to learn if 
there is a possible further enhancement of the liquefaction reaction in 
this type of solvent due to an actual complexing of the hydrogen donor 
molecule to the coal molecule. We have determined that liquefaction in 
indoline, which can first complex to the coal and then donate its 
hydrogen, is much more effective than liquefaction in either a pure 
hydrogen donor (tetralin) or a combination of hydrogen donor + nitrogen 
heterocyclic (tetralin + indole). 

Having an understanding of the role of the basic nitrogen charac- 

EXPERIMENTAL 

The data reported below were obtained from batch microreactor runs 
using Wyodak coal (South Pit Mine) and selectecl mcclel solvents. The 
25 cm microreactors were loaded with an 8 gram sample of a 2/1 solvent 
to coal mixture. They were then pressurized to 1000 psig with nitrogen. 
The microreactors were heated (7.3 minutes to reach reaction tempera- 
ture) in a fluidized sand bath and held at temperature for the specified 
time. The microreactors were then cooled (x30 seconds for a 20OoC 
quench) in a second fluidized sand bath held at room temperature. 
Conversion tn THF SnliJhle prcducts was cbtainec! by snhsampli:lg the whcle 
liquid product from the microreactor, sonicating the sample in THF and 
then pressure filtering through a 0.2 micron Millipore filter. The 
filter was then analyzed by gel permeation high performance liquid 

* This work supported by the U. S. Department of Energy at 
Sandia National Laboratories under contract DE-AC04-76DP00789. 
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chromatography (HPLC) to observe differences in product distribution 
(4). This technique separates the filtrate into high, intermediate and 
low molecular weight fractions. These fractions are comparable to the 
classical preasphaltene (mw 1. lOOO), asphaltene (mw % 450) and oil 
(mw % 250) fractions obtained by Soxhlet analysis. 

RESULTS AND DISCUSSION 

We began our study of the effects of indoline on Wyodak coal conver- 
sion by liquefying Wyodak coal at various times and temperatures in 
indoline, indole and tetralin and measuring the conversion to THF 
soluble products. Figures 1 and 2 show these results. 

We can see from Figure 1 that at 375°C the conversion of Wyodak coal 
to THF solubles is very high for liquefaction in indoline, even at short 
reaction times. Comparison of the conversions in tetralin and indoline 
at 20 minutes shows that in indoline the conversion is more than double 
that obtained with tetralin ( 8 2 %  to 40%). The conversion in both of 
these solvents continues to increase with time, suggesting continued 
reaction between the coal and these hydrogen donors. We also observe in 
Figure 1 that as a function of time at 375°C. conversion of Wycdak coal 
in indole levels off. This is attributed to the fact that at a fixed 
temperature a certain level of coal hydrogen bond disruption will take 
place after the time necessary for ccmplete interaction of the solvent 
with the coal structure. Beyond this time, no additicnal indole-coal 
reactions can occur in this system. 

Figure 2 likewise shows that fcr all temperatures and a 20-minute 
reaction time, conversion in indoline is greater than conversion in 
tetralin. However, we do observe that at high temperatures the two 
hydrogen donor solvents appear to be approaching the same conversion 
level. This suggests that at high temperature the hydrogen transfer 
reactions begin to dominate the reaction mechanism and therefore 
indoline and tetralin begin to behave similarly. 

Further evidence that at high temperatures a hydrogen transfer 
mechanism begins to dominate the liquefaction chemistry can be seen in 
Figure 3 .  In Figure 3 ,  we have plotted the ratio of the indole to 
indoline concentrations measured in the product material formed in an 
experiment with Wyodak coal and indoline. These concentrations were 
measured by HPLC analysis. This ratio is a measure of the degree of 
indoline dehydrogenation. We can see from Figure 3 that between 375°C 
and 4OO0C, a significant increase in the hydrogen transfer rate occurs. 

The data in both Figure 1 and Figure 2 confirm that when indoline is 
used as the solvent for Wyodak liquefaction, there is enhancement of the 
conversion above that obtained in a good hydrogen donor. We believe 
that this is due to the interaction of the N-H functionality of indoline 
with the coal structure. This results in coal-indoline complexes, 
similar to those observed in our stu6y of Wyodak liquefaction in indole. 
Figure 4a is the HPLC spectrum that we obtained for products of Wyodak 
liquefaction in indole. Here we see a large peak in the molecular 
weight distribution due to the indole-coal complex. Figure 4b is the 
HPLC spectrum for products obtained from liquefaction of Wyodak coal 
with indoline as the solvent. We see a peak for indoline and indole 
(dehydrogenated indoline) and a peak for the coal-indole complex and the 
coal-indoline complex. The peak for the coal-indoline complex never 
becomes as large as the complex peak in Figure 4a because the complex 
undergoes hydrogen transfer resulting in an indole molecule and a 
non-associative coal molecule. Thus in the indoline system, the complex 
is an intermediate species as compared to the indole system where the 
complex is a stable product. 

The mechanism discussed above is illustrated in Figure 5. In this 
proposed liquefaction mechanism, the structure for the hydrogen bonded 
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coal fragment has not been determined in our work but is merely intended 
to be representative of possible structures. The heat is apparently 
needed to fluidize the coal sufficiently for solvent access. This 
fluidization is actually a weakening of the coal-coal hydrogen bonds. 

molecule involved in the associatively bound complex rather than frcm 
neighboring molecules. Thus, the hydrogen transfer and the disruption 
of the coal hydrogen-bonded structure do not occur independently. To 
test our hypothesis, we have performed experiments with Wyodak coal in a 
mixture of indole and tetralin to simulate the total solvent character- 
istics of indoline, but with separation of these characteristics into 
individual molecules. Figure 6 is a comparison cf the THF conversions 
for Wyodak coal in these solvents. T1,e conversion using indole + 
tetralin is much lower than the conversion in indoline (45% vs 82%). 
This is consistent with our hypothesis, i.e., that liquefaction of 
Wyodak coal in indoline, where the solvent first complexes to coal 
~ n l e c u l e  and t h e n  t r a n s f e r s  i t s  kyclrqen, is much ZCTE! effective t h a -  
hydrogen transfer from a non-interactive solvent. 

the ccnversion level in the mixture of indole plus tetralin to be at 
least as high as the conversion found in indole. In order for the 
conversion in the mixed solvent system to be lower than the indole 
conversion, we must have interaction between the solvents or one solvent 
must interface with the mechanism of the other solvent. If we had had 
interaction between the tetralin and the indole, we would observe a 
difference in conversion if we increased the overall solvent to coal 
ratio. We doubled the solvent to coal ratic, but only increased the 
conversion by a few percent. Tetralin must interfere with the indole 
liquefaction mechanism to result in the observed conversion level. 

and indole (mostly coal-indole complex). We then reacted this material 
with tetralin at 375°C for 20 minutes to determine if there was any 
degradation of the complex and/or production of insoluble material 
(insols). There was no production of insols or change in the complex 
concentration. As far as we were able to determine, the tetralin did 
nothing to the soluble products from the liquefaction of Wyodak in 
indole. Therefore, tetralin is unable to interfere in the indole lique- 
faction mechanism after the coal and indole have reacted. 

Although the measured conversion for Wyodak coal in tetralin is only 
40% at 375"C, the tetralin may interact with a significantly larger 
fraction of the coal: just not producing THF soluble products. In addi- 
tion, the coal itself could undergo condensation reactions at sites 
which are ctherwise stabilized through associative bonding with indole. 
i-e., two hydrogen bonded hydroxyls may eliminate H20 and form an 
ether linkage. To determine if either of these situations might be 
Occurring, we reacted the THF insols from the liquefaction of Wyodak in 
tetralin with indole at 375'C for 20 minutes. If these insols were 
unaltered coal, then we might expect %33% conversion of the insols 
during reaction with indole to bring the overall coal conversion to 60%. 
However, we measured >lo% conversion. This indicates that either 
condensation reactions are occurring in the coal or that a step in the 
t e t r s l i n  liquefacticn mcchcni=m resi;?ts in retrogressive reactions at 
375°C. The former seems more probable and would have occurred in our 
mixed solvent experiment if tetralin blocked indole access to a portion 
of the coal hydrogen-bonding sites. Additional experiments are being 
performed to determine if condensation reactions at coal hydrogen 
bonding sites are the cause of the low conversion observed during lique- 
faction of Wyodak in indole + tetralin. 

We have proposed that the hydrogen transfer occurs from the indoline 

The results in Figure 6 were somewhat surprising in that we expected 

fr 

I 

We collected the THF solubles from a liquefaction run of Wyodak coal 
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CONCLUSIONS 

We have found that indoline is an excellent liquefaction solvent for 
Wyodak coal, liquefying over 80% of the coal in 20 minutes at 375°C. 
The indoline system is a good solvent medium for kinetic studies of 
hydrogen transfer because it has only one, easily monitored, dehydro- 
genated form. Liquefaction with indoline is much more effective than 
liquefaction in either a pure hydrogen donor (tetralin) or a combination 
of hydrogen donor plus nitrogen heterocyclic (tetralin plus indole). 

We believe that the effectiveness of indoline is the result of a 
liquefaction mechanism in which the indoline first functions as a basic 
nitrogen solvent to disrupt the coal-coal hydrogen bonds and form coal- 
indoline complexes. The indoline then functions as a hydrogen donor 
solvent and transfers its hydrogen within the complex to the coal mole- 
cule. This mechanism would apply to other similar solvents such as THG 
and is much more effective than hydrogen transfer from non-interactive 
solvents. 

We have also determined that if the coal structure is not first 
interacted with an associative solvent (N-H functionality) to disrupt 
coal-coal hydrogen bonds, condensation reactions or other retrogressive 
reactions which make the coal less reactive may occur. 

’ 
I 
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FIGURE 1. WYODAK LIQUEFACTION 
AT 375 C AS A FUNCTION OF TIME 
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FIGURE 2. WYODAK LIQUEFACTION AS 
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FIGURE 3. PLOT OF INDOLE/INDOLINE RATIO vs TIME 
FOR WYODAK LIQUEFACTION AT 375 C 
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FIGURE 4. HPLC SPECTRA OF WYODAK 
LIQUEFACTION PRODUCTS 
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FIGURE 5. PROPOSED MODEL FOR THE INDOLINE 
LIQUEFACTION MECHANISM OF WYODAK COAL 

INDOLE PRODUCT 

FIGURE 6. THF CONVERSIONS FOR WODAK COAL 
IN MODEL SOLVENTS 
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THE FATE OF NITROGENOUS MODEL PROCESS SOLVENTS I N  COAL LIQUEFACTION 

J. W. He l lge th ,  P. G. Pmateis and L. T. Tay lo r  
Department o f  Chemistry 

B1 acksburg, VA 24061 

INTRODUCTION 

V i r g i n i a  Po ly techn ic  I n s t i t u t e  and Sta te  U n i v e r s i t y  

I 

The n a t u r e  and r o l e  o f  t h e  l i q u e f a c t i o n  s o l v e n t  a re  t h e  keys t o  understanding 
l i q u e f a c t i o n  chemis t ry .  

as a h jd rogen t r a n s f e r  mechanism and as a c a t a l y s t  ( 1 ) .  I n  t h i s  regard  r e c e n t  work 
d i s s o l u t i o n  o f  c o a l  b u t  t w o  o f  t h e  most s i g n i f i c a n t  r o l e s  have been suggested t o  be 

w i t h  1,2,3,4-tetrahjdroquinol i n e  (THQ) as a model l i q u e f a c t i o n  s o l v e n t  has 
demonstrated i t s  a b i l i t y  t o  conver t  a v a r i e t y  o f  c o a l s ,  b o t h  b i t u n i n o u s  and 
s u b b i t m i n o u s ,  t o  p y r i d i n e  and t o l u e n e  s o l u b l e s  i n  a r a p i d  and n e a r l y  complete 

u l t i m a t e  goal  o f  convers ion  t o  d i s t i l l a t e  m a t e r i a l s  i n  h i g h  y i e l d s  remains t o  be  

a r e  adducted t o  t h e  d i s s o l v i n g  coal  t o  g i v e  a n o n - d i s t i l l a b l e  y e t  t o l u e n e / p y r i d i n e  
s o l u b l e  m a t e r i a l .  The purpose o f  t h e  present  work i s  t o  q u a n t i f y  t h i s  adduc t ion  w i t h  
r e s p e c t  t o  product d i s t r i b u t i o n  and t o  d i s c e r n  t h e  p o s s i b l e  modes o f  s o l v e n t  n i t r o g e n  
l o s s  e i t h e r  through adduct ion  i n t o  t h e  c o a l - d e r i v e d  produc t  o r  th rough thermal 
c r a c k i n g  o f  t h e  so lvent .  Products f rom an in-house t u b i n g  bomb r e a c t o r  and from K e r r  
k G e e  Corp. a r e  e x m i n e d .  I n  a d d i t i o n  a s e r i e s  o f  THQ-related model s o l v e n t s  w i l l  be 
e x m i n e d  i n  o r d e r  t o  a s c e r t a i n  t h e  e f f e c t  o f  s l i g h t  changes i n  s o l v e n t  b a s i c i t y ,  
n i t r o g e n  atom s u b s t i t u e n t  and n i t r o g e n  atom r i n g  p o s i t i o n  upon t h e  e x t e n t  o f  c o a l  
convers ion  t o  s o l u b l e  and d i s t i l l a b l e  m a t e r i a l .  

Solvent apparent ly  serves many purposes d u r i n g  the  I 
' p 

. fashion  (2 -4) .  Whi le h i g h  convers ions  t o  s o l u b l e  p roduc ts  have been r e a l i z e d ,  t h e  

I a t t a i n e d .  It i s  now apparent t h a t  d u r i n g  l i q u e f a c t i o n ,  s i g n i f i c a n t  p o r t i o n s  o f  THQ 

EXPERIMENTAL 

L i q u e f a c t i o n  exper iments on a Wyodak #3 western s u b b i t m i n o u s  c o a l  were 
performed both  in-house and a t  Ker r  MGee Corp. (Cresent,  OK). The in-house 
exper iments i n v o l v e d  p r e p a r a t i o n  o f  t h e  feed coa l  by d r y i n g  a t  293'K, 12 hours  under 
a s t r e m  o f  d r y  n i t r o g e n  and then g r i n d i n g  t o  l e s s  than 60 mesh p a r t i c l e  s i z e .  
K e r r  KGee sample was prepared i n  a d i f f e r e n t  manner which i n v o l v e d  d r y i n g  under 
vacuum a t  room temperature f o r  24 hours  f o l l o w e d  by g r i n d i n g  t o  60 mesh p a r t i c l e  
s i z e .  The proximate and u l t i m a t e  a n a l y s i s  (MF b a s i s )  f o r  b o t h  samples a r e  presented 
i n  Tab le  I .  

The 

TABLE I 

Proximate AI a1 yses U1 t i m a t e  Analyses 

1 

1 Ash 17.5 18.7 
V o l a t i l e s  58.4 47.9 
F i x e d  Carbon 24.1 33.4 

% wt.a - % Wt.b 

Carbon 56.1 57.2 
Hydrogen 3.2 4.6 
N i t rogen 0.8 0.8 
Oxygen 11.8 15.6 
S u l f u r  7.6 3.02 

aIn-house Sample (19.2% H20); bKerr  McGee Sample (24.1% H20) 
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L i q u e f a c t i o n  o f  t h e  feed coa l  proceeded under the  general c o n d i t i o n s  o f  2 : l  
so l ven t : coa l ,  
hydrogen atmosphere ( c o l d  charge) .  
40 mL m ic roau toc lave  vesse ls  w i t h  4 grans o f  coa l .  
i nvo l ved  a 1 l i t e r  au toc lave  vessel and 100 g r m s  o f  coal .  Sample workup f o r  t he  
in-house samples i n v o l v e d  e x t r a c t i o n  w i t h  to luene  and p y r i d i n e  t o  o b t a i n  a convers ion 
based on s o l u b i l i t y  and through d i s t i l l a t i o n  t o  a 1050°F endpoint  (300'C, 1.3 Pa). 
The Kerr WGee p roduc t  work-up i nvo lved  d i s t i l l a t i o n  o f  t h e  products  t o  a 850°F 
endpoint  a t  atmospheric pressure (400'F, 13.3 Pa). 
products  were ob ta ined  from G a l b r a i t h  Labora to r ies  ( K n o x v i l l e ,  TN). 

691'K r e a c t i o n  temperature, 30 minutes r e a c t i o n  t ime  and 7.5 MPa 
Experiments performed in-house were conducted i n  

The Kerr  McGee experiment 

N i t rogen  de te rm ina t ions  o f  these 

RESULTS AND O I S C U S S I O N  
' I  
1' _. 

Ine model compounds used as process so i ven ts  i n  t h e  i i q u e t a c t i o n  runs  were 
1-methylnapthalene ( M N ) ,  t e t r a 1  i n  (TET), 1,2,3,4-THQ, 2 ,3 -~yc lohexenopy r id ine  (CHP), 
1,2,3,4-tetrahydroisoquinol ine (THIQ),  l-methyl-2,3,4-trihydroquinoline (MTHQ) and 
q u i n o l i n e  (QU).  We determined ( 1 )  the e x t e n t  o f  convers ion t o  bo th  so l ven t  so lub le  
and d i s t i l l a t e  m a t e r i a l  and ( 2 )  t he  l e v e l  o f  so l ven t  i n c o r p o r a t i o n  i n t o  the  residuum 
i n  terms o f  s o l v e n t  b a s i c i t y ,  p o s i t i o n  and presence o f  donatable hydrogen, 
s u b s t i t u e n t  i n t e r f e r e n c e  (MTHQ) and presence o f  n i t r o g e n  i n  the r i n g  (THQ vs. CHP). 

A comparison o f  t he  to luene  and p y r i d i n e  convers ions obta ined f o r  these runs i s  
desc r ibed  i n  F igu re  1. With respec t  t o  these convers ions,  t he  s o l u b i l i t i e s  repo r ted  
were obta ined i n  the  presence o f  the process so l ven t .  Therefore, co-so lvency e f f e c t s  
may be  i nvo lved .  Fo r  exmp le ,  as expected percent  p y r i d i n e  convers ions a re  
c o n s i s t e n t l y  h ighe r  than  pe rcen t  to luene convers ions rega rd less  o f  t h e  model process 
so l ven t .  For  MN, TET and QU, t h e  d i f f e r e n c e s  average more than 25%; whereas, w i t h  
THQ, THIQ, MTHQ and CHP t h e  d i f f e r e n c e s  a re  6% o r  l e s s .  Co-solvency r a t h e r  than 
depo lymer i za t i on  t o  sma l le r  fragments may account f o r  t he  r e l a t i v e l y  h i g h  to luene  
s o l u b i l i t i e s  observed w i t h  most of t h e  n i t r o g e n - c o n t a i n i n g  so lvents .  
conve rs ion  t o  p y r i d i n e  so lub les  appears t o  be s o l e l y  dependent upon the  presence o f  
r e a d i l y  dona tab le  hydrogen as evidenced by comparing MN/TET (69.9% vs 96.8%) and 
QU/THQ (76.8% vs 95.5%). A dependence o f  t o luene  s o l u b l e  convers ion on the  presence 
o f  n i t r o g e n  i n  the  r i n g  system i s  no t  v e r y  s t r i k i n g ,  MN/QU (51.1% vs 54.2%); whereas, 
if t h e  n i t r o g e n  i s  accompanied by donatable hydrogen t h e  dependence i s  g r e a t ,  TET/QU 
(71.4% vs 89.5%). Dependence o f  convers ion t o  to luene o r  p y r i d i n e  s o l u b l e  products  
on  t h e  p o s i t i o n  of  n i t r o g e n  i n  the r i n g ,  t h e  b a s i c i t y  o f  t h e  model so l ven t  and the 
p o s i t i o n a l  r e l a t i o n s h i p  of n i t r o g e n  t o  the  donatable hydrogen i n  the  r i n g  s t r u c t u r e  
was n o t  found. 

The product  mass balances f o r  the samples obta ined through d i s t i l l a t i o n  are 
shown i n  F i g u r e  2. I n s p e c t i o n  o f  the  f i g u r e  demonstrates severa l  p o i n t s .  F i r s t ,  the 
o n l y  run t o  demonstrate a n e t  i nc rease  i n  d i s t i l l a t e  recove ry  was t h a t  o f  MN. I n  the 
TET case t h e r e  was a n e t  convers ion o f  t h e  i n s o l u b l e  MF coa l .  However, a recove ry  of 
v o l a t i l e  p roduc ts  demonstrated a convers ion t o  l i g h t  ends and gases r a t h e r  tahn t o  
s l i g h t l y  l e s s  v o l a t i l e  m a t e r i a l .  I n  a l l  o f  t he  n i t r o g e n  h e t e r o c y c l i c  cases, a n e t  
gain i n  residuum mass was found. I n  genera l ,  t h e  d i s t i l l a t e  recove r ies  were greater  
than t h a t  i n  the  t e t r a l i t  case bu t  t h e y  were s t i l l  l e s s  than t h a t  p r e d i c t e d  by t h e  
s i a r i i r i g  so i ven t  mass. 

o f  approx imate ly  10-15% o f  t h e  s t a r t i n g  so l ven t  mass. 
THIQ where even a l a r g e r  m o u n t  of process so l ven t  was l o s t  t o  t h e  l i g h t  ends 
m a t e r i a l .  

I 

I 

From these data 

lhe r e d u c t i o n  i n  d i s t i  I l a t e  recove ry  c o r r e l a t e s  w i t h  
i n c o r p o r a t i o n  o f  s o l v e n t  i n t o  the  residuum o r  a c rack ing  o f  d i s t i l l a t e  t o  l i g h t  ends ir 

The excep t ion  found here was 
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The n i t r o g e n  conten t  d i s t r i b u t i o n s  f o r  t h e  produc ts  recovered i n  these r u n s  are  
d i s p l a y e d  i n  F igure  3. The n i t r o g e n  analyses were ob ta ined from G a l b r a i t h  
L a b o r a t o r i e s  w i t h  use o f  t h e  K j e l d a h l  method. I n  t h e  cases o f  MN and t e t r a l i n ,  t h e  
s o l e  source o f  n i t r o g e n  w i t h i n  t h e  r u n  was t h e  coa l  i t s e l f .  
s h i f t  o f  n i t r o g e n  conten t  t o  t h e  d i s t i l l a t e  mass was found. 
approx imate ly  20% o f  t h e  n i t r o g e n  c o n t e n t  i n  t h e  coa l  i s  dynanic. 
h e t e r o c y c l i c  compounds were employed a cons iderab le  amount o f  t h e  n i t r o g e n  base was 
found t o  have adducted i n t o  t h e  residuum o r  l o s t  t o  t h e  l i g h t  ends. 
n i t r o g e n  increase i n  the  residuum r e f l e c t s  an i n c o r p o r a t i o n  o f  between 8 and 15% o f  
t h e  s t a r t i n g  so lvent  mass. 
expected r e d u c t i o n  i n  adduct ion d i d  n o t  occur.  D i s t i l l a t e  a n a l y s i s  v i a  GC-FTIR 
demonstrated t h a t  a r a p i d  d i s s o c i a t i o n  o f  MTHQ t o  THQ had occurred r e s u l t i n g  i n  a 
s i m i l a r  q u a n t i t y  o f  adduct ion.  

I n  b o t h  these produc ts  a 
Under these c o n d i t i o n s ,  

When n i t r o g e n  

The percent  

S t e r i c  i n t e r f e r e n c e  was n o t  found f o r  MTHQ s i n c e  t h e  

To f u r t h e r  d e l i n e a t e  and q u a n t i f y  t h e  c o a l - s o l v e n t  i n t e r a c t i o n ,  n i t r o g e n  and 
mass balance d a t a  have been ob ta ined on t h e  produc ts  produced from a l i q u e f a c t i o n  run 
performed by Kerr  kGee.  
11. Upon i n s p e c t i o n  o f  these data,  i t  i s  apparent t h a t  t h e  n i t r o g e n  c o n t e n t  o f  t h e  
i n i t i a l  so lvent  (THQ) i s  h i g h l y  mobi le.  Approximately 8.0% o f  t h e  o r i g i n a l  THQ 
m a t e r i a l  i s  l o s t  t o  l i g h t  ends, gas produc t  and residuum m a t e r i a l .  
o f  t h i s  l o s s  was t o  t h e  residuum (67.5% o f  N loss f rom s o l v e n t ) .  
f u r t h e r  found t o  be  r e s t r i c t e d  t o  the  s o l v e n t  (THF) s o l u b l e  m a t e r i a l .  
o f  t h e  l o s s  was t o  mmonia and small  c h a i n  a l k y l  m i n e s  l o c a t e d  i n  t h e  gas produc t  
and l i g h t  end. See F i g u r e  4. 

It i s  apparent f rom these d a t a  t h a t  adduc t ion  o f  process s o l v e n t  t o  
n o n - d i s t i l l a t e  and h i g h  b o i l i n g  d i s t i l l a t e  m a t e r i a l s  i s  s i g n i f i c a n t .  Though some 
breakdown of process s o l v e n t  was found, i t s  c o n t r i b u t i o n  t o  the  l o s s  o f  t h e  dynmoic 
n i t r o g e n  component i s  minimal i n  comparison t o  the  p r o b l e n  o f  adduct ion.  

The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  are  presented i n  T a b l e  
\ 

The major  p o r t i o n  

The r m a i n e d e r  
Th is  adduc t ion  was 
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Mass 
THQ 
Tetra1 i n  
Sol vent 
io a1 
MF Coal 

TABLE I 1  

MASS BALANCE AND NITROGEN CONTENT DATA 

S t a r t i n g  Mater i  a1 

Tota l  W t .  N i t rogen 
200 g % c o n t r i b u t i o n  
-- b y  s o l v e n t  

200 g 
100 g by coa l  
75.9 g 

Recovered Products 

D i  s t i  11 a t e  Wt . 203.19 g Residuum Wt. 
%N 9.55% %N 
Wt. N 19.40 g W t .  N 
% T o t a l  N 89.48% % T o t a l  N 
Retained Ret a i  ned 

N e t  Gain o r  Loss Net Gain o r  Loss 
From s o l v e n t  f rom Mois tu re  f r e e  
( i n i t i a l  weight)  Coal ( i n i t i a l  weight)  

N i t r o g e n  -1.66 g N i t rogen 

Mass t3.19 g Mass 
(1.6% 

(-7.88%) 

% T o t a l  Mass 
Recovered as 
D i s t i l l a t e  and 
Res idum 

Produc t  D i s t r i b u t i o n s  

86.14% % T o t a l  Mass as 
L i g h t  Ends and Gas 
Product (by  
d i f f e r e n c e )  

% T o t a l  N i t r o g e n  97.51% 
Retained i n  Residuum 
and D i  s t i  11  a t e  

% T o t a l  N i t rogen 
i n  Gas Product 
and L i g h t  Ends 
( b y  d i f f e r e n c e )  

21.66 g 

97.14% 
(21.06 g) 
2.86% 
(0.62 g) 

55.23 g 
3.18% 
1.74 g 
8.03% 

-20.67 
( -2  7.2%7 
t1 .12  g 
(181%) 

13.86% 

2.49% 

/ I  

I 
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CONVERSION OF 
WYODAK #3 TO SOLUBLE PRODUCTS 

TOLUENE SOLUBLES 
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J 
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PRODUCT DISTRIBUTIONS 

PRODUCT DISTRIBUTIONS 
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MASS 
KERR MCGEE RUN P-24  
AN D N IT ROG EN D I ST R IBUT IONS 

F i g u r e  4 0 
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EFFECTS OF START-UP SOLVENT O N  COMPOSITION OF R E C Y C L E  
LIQUEFACTION PRODUCT SLURRY FROM LOW-RANK COALS 

R . C .  T i m p e ,  S.A.  F a r n u m ,  D . J .  M i l l e r ,  
A . C .  W o l f s o n ,  J . R .  R i n d t ,  a n d  Y . R .  P o t t s  

U n i v e r s i t y  o f  N o r t h  D a k o t a  E n e r g y  R e s e a r c h  C e n t e r  
Box 8 2 1 3 ,  U n i v e r s i t y  S t a t i o n  

G r a n d  F o r k s ,  N o r t h  D a k o t a  5 8 2 0 2  

I n t r o d u c t i o n  

A s  p a r t  o f  t h e  o n - g o i n g  r e s e a r c h  i n  t h e  l i q u e f a c t i o n  o f  l o w - r a n k  c o a l ,  
t h e  U n i v e r s i t y  o f  N o r t h  D a k o t a  E n e r g y  R e s e a r c h  C e n t e r  (UNDERC) c a r r i e d  
o u t  two b o t t o m s  r e c y c l e  r u n s .  The  p u r p o s e  o f  t h e s e  4 0  p a s s  r u n s  was 
t o  i n v e s t i g a t e  t h e  e f f e c t  o f  two d i f f e r e n t  s t a r t - u p  s o l v e n t s  on t h e  
c o m p o s i t i o n  o f  t h e  p r o d u c t  f r o m  p a s s  t o  p a s s ,  e s p e c i a l l y  t h e  b o t t o m s  
p o r t i o n  u s e d  a s  r e c y c l e  s o l v e n t ,  a n d  t h e  f i n a l  l i n e d - o u t  c o m p o s i t i o n  
o f  t h e  p r o d u c t .  

Runs  1 0 1  a n d  1 0 3  w e r e  c a r r i e d  o u t  i n  t h e  b o t t o m s  r e c y c l e  mode i n  
t h e  C o n t i n u o u s  P r o c e s s i n g  U n i t  (CPU) (l-). Z a p ,  N o r t h  D a k o t a  l i g n i t e  
f r o m  t h e  I n d i a n  H e a d  m i n e  w a s  i n t r o d u c e d  a t  5 l b s l h r  a s  a 30% s l u r r y  
( w t  X a s - r e c e i v e d  c o a l )  i n  r e c y c l e  f e e d  w i t h  H2S a d d i t i o n  i n  b o t h  
r u n s .  The  n o m i n a l  t e m p e r a t u r e  w a s  44OOC a n d  t h e  n o m i n a l  p r e s s u r e  was 
4 0 0 0  p s i g  H2/C0 ( 9 5 / 5 ) .  The s t a r t u p  s o l v e n t  f o r  Run 101 was  a t y p i c a l  
a n t h r a c e n e  o i l ,  A04,  p u r c h a s e d  f r o m  C r o w l e y  Tar  P r o d u c t s ,  N Y ,  
p r e v i o u s l y  d e s c r i b e d  ( 2  3 ) .  Run 1 0 3  was  s t a r t e d  u p  w i t h  a P r o c e s s  
D e v e l o p m e n t  U n i t  (PDU) f ; T y c l e  s o l v e n t  o b t a i n e d  f r o m  t h e  U n i v e r s i t y  of 
N o r t h  D a k o t a  C h e m i c a l  E n g i n e e r i n g  D e p a r t m e n t ' s  P r o j e c t  L i g n i t e  (A). 
The  PDU s o l v e n t  was  d e r i v e d  f r o m  Z a p ,  N o r t h  D a k o t a  I n d i a n  Head 
l i g n i t e .  I t  h a s  b e e n  c h a r a c t e r i z e d  i n  d e t a i l  (2) .  A s h o r t  summary of 
t h e  r e l e v a n t  p r o p e r t i e s  o f  t h e  two s t a r t u p  s o l v e n t s  a p p e a r s  i n  T a b l e  
I .  B o t h  s o l v e n t s  p r o v i d e d  a d e q u a t e  o p e r a b i l i t y  of t h e  C P U  a n d  w e r e  
g r e a t e r  t h a n  9 5 %  d i s t i l l a b l e .  T h e s e  t w o  s t a r t u p  s o l v e n t s  w e r e  c h o s e n  
b e c a u s e  t h e y  d i f f e r  in s e v e r a l  i m p o r t a n t  w a y s .  The  P D U  s o l v e n t  
c o n t a i n e d  a b o u t  s e v e n  t i m e s  more  t o t a l  a l k a n e s  a n d  t e n  t i m e s  more  n- 
a l k a n e s  t h a n  t h e  A04 s o l v e n t  ( T a b l e  I ) .  T h e  PDU s o l v e n t  a l s o  
c o n t a i n e d  a h i g h e r  c o n c e n t r a t i o n  o f  m e t h y l a t e d  and  o t h e r  a l k y l a t e d  
a r o m a t i c  h y d r o c a r b o n s  t h a n  A04.  . F o r  e x a m p l e ,  2- a n d  3- 
m e t h y l p h e n a n t h r e n e  a r e  p r e s e n t  i n  t h e  PDU s o l v e n t  a t  4 .6  a n d  3.0 t i m e s  
t h e i r  c o n c e n t r a t i o n s  i n  A04.  T h e  P D U  s o l v e n t  a l s o  c o n t a i n s  
h y d r o a r o m a t i c s  ( s u c h  as  d i h y d r o - ,  t e t r a h y d r o -  a n d  o c t a h y d r o -  
p h e n a n t h r e n e ,  d i h y d r o p y r e n e ,  a n d  t e t r a h y d r o f l u o r a n t h e n e )  a n d  p h e n o l s  
( 6 . 2 % ) .  A04,  d e f i c i e n t  i n  b o t h  h y d r o a r o m a t i c s  a n d  p h e n o l s ,  i s  
composed  m a i n l y  o f  u n s u b s t i t u t e d  a r o m a t i c  h y d r o c a r b o n s  i n c l u d i n g  
l a r g e r  a m o u n t s  o f  a r o m a t i c  compounds  w i t h  m o r e  t h a n  t h r e e  f u s e d  r i n g s  
( i . e . ,  c h r y s e n e  a n d  b e n z ( a ) a n t h r a c e n e )  t h a n  t h e  PDU s o l v e n t .  T h e s e  
d i f f e r e n c e s  i n  c o m p o s i t i o n  a r e  e x p e c t e d  t o  a f f e c t  t h e  s o l v a t i n g  power 
o f  t h e  s o l v e n t  t o w a r d  c o a l  a n d  c o a l - d e r i v e d  p r o d u c t s .  T h e  d i f f e r e n c e  
i n  r e a c t i v e  n a t u r e  of t h e  s o l v e n t s  a t  h i g h  t e m p e r a t u r e  a n d  p r e s s u r e  i s  
e x p e c t e d  t o  l e a d  t o  d i E f e r e n t  i n i t i a l  p r o d u c t s .  

'Xhe l i q u e t a c t i o n  p r o d u c t s  w e r e  e x a m i n e d  f r o m  p a s s  t o  p a s s  i n  
o r d e r  t o  f o l l o w  t h e  c o m p o s i t i o n a l  c h a n g e s  as t h e  r e a c t i o n  p r o c e e d e d  
t o w a r d  s t e a d y - s t a t e  c o m p o s i t i o n  ( l i n e o u t )  a n d  t o  d e t e r m i n e  w h e t h e r  t h e  
p r o d c c t s  w e r e  c h e m i c a l l y  t h e  s a m e  f o r  b o t h  r u n s  a f t e r  40 r e a c t o r  
p a s s e s .  
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Table I. Properties of Startup Solvents A04 and UND PDU 
Solvent Used In CPU Runs 101 and 103 

Elemental Analysis: 

% C  
H 
N 
S 
0 (by difference) 

A0 4 

90.33 
6.54 
0.83 
0.57 
1.73 

Ash, % 0.03 

Water, % 0.20 

Selected Organic Component 
Analysis, wt % :  

PDU 

82.36 
7 .89 
0.21 
1 .I9 
2.49 

1.43 

4.43 

n- a lka ne s 
total alkanes 

Selected Hydrocarbons a n d  
Et hers : 

naphthalene 
2-methylnaphthalene 
acenap h the ne 
phenanthrene 
dibenzofuran 
3-methylphenanthrene 
2-methylphenanthrene 
fluoranthene 
pyrene 
fluorene 
benzo( alanthracene 
chrysene 
9,lO-dihydrophenanthrene 
o ct ahydr ophenant hrene 
1,2,3,4-tetrahydrophenathrene 
4.5-dihydropyrene 
1,2,3,4-tetrahydrofluoranthene 

0.6 6.8 
2.2 13.9 

0.75 
1.44 
9.54 

6.67 
0.66 
0.84 
0 .52 
6.87 
6 .67 
0.26 
0.27 

0 
0 
0 
0 

0.01 

16 .6 

0 
0.14 
0.08 
6.99 
0.39 
3.06 
2.55 
0.82 
0.46 
0.36 
0.06 
0.16 
0.23 
0.02 
0.18 
0.44 
0.06 

polars (phenols, base and polar 
aromatics) 18 .4 

phenols 0 
21.4 
6 .2 
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O u r  p r e v i o u s  e f f o r t s  w e r e  c o n c e n t r a t e d  o n  a n a l y s i s  o f  d i s t i l l a b l e  
p o r t i o n s  of t h e  p r o d u c t s  f r o m  e a r l i e r  r u n s  w h i c h  a v e r a g e d  
a p p r o x i m a t e l y  1 3  p a s s e s  (2). When w e  i n v e s t i g a t e d  t h e s e  r u n s  we 
n o t i c e d  t h a t  some i r r e v e r s i b l e  c h a n g e s  c a u s e d  by h e a t i n g  h a d  o c c u r r e d  
t o  t h e  v a c u u m  b o t t o m s  d u r i n g  t h e  ASTM D-1160 d i s t i l l a t i o n .  We c a r r i e d  
o u t  s e v e r a l  p r e l i m i n a r y  s e p a r a t i o n s  u s i n g  S o x h l e t  e x t r a c t i o n ,  
s o n i c a t i o n  a n d  s o n i c a t i o n  w i t h  h e a t ,  n o n e  o f  w h i c h  p r o v e d  s a t i s f a c t o r y  
f o r  t h i s  s t u d y .  A m e t h o d  w a s  t h e n  s e l e c t e d  f o r  s e p a r a t i o n  o f  t h e  
s l u r r y  t h a t  e x c l u d e d  a l l  s e v e r e  h a n d l i n g  o f  t h e  p r o d u c t  t o  a v o i d  
c h a n g e s  i n  t h e  h e a v y  p r o d u c t  c o m p o s i t i o n  d u r i n g  s e p a r a t i o n .  

The p r e l i m i n a r y  c h a r a c t e r i z a t i o n  o f  t h e  s e p a r a t e d  h e a v y  p r o d u c t s  
a n d  t h e i r  c o m p o s i t i o n  a s  c o m p a r e d  w i t h  t h e  c o m p o s i t i o n  o f  t h e  o i l s  a r e  
t h e  f o c u s  o f  t h i s  r e p o r t .  C h a n g e s  i n  t h e  s t a r t u p  s o l v e n t  a s  i t  r e a c t s  
w i t h  c o a l  a n d  i s  d i l u t e d  by c o a l - d e r i v e d  p r o d u c t s  a r e  d i s c u s s e d  w i t h  
e m p h a s i s  on  t h e  h e a v y  c o m p o n e n t s .  D i f f e r e n c e s  b e t w e e n  t h e  two  r u n s  
s t a r t e d  up  w i t h  d i f f e r e n t  s o l v e n t s  a r e  d e s c r i b e d .  

E x p e r i m e n t a l  

The  me thod  c h o s e n  t o  s e p a r a t e  t h e  p r o d u c t  s l u r r y  i s  b a s e d  on  
s o l u b i l i t i e s  a t  room t e m p e r a t u r e  ( F i g u r e  1 ) .  T h i s  s e p a r a t i o n  y i e l d e d  
a p e n t a n e  s o l u b l e ,  v o l a t i l e  o i l  f r a c t i o n  ( o i l ) ,  a p e n t a n e  i n s o l u b l e ,  
m e t h y l e n e  c h l o r i d e  s o l u b l e  h e a v y  f r a c t i o n  ( s o l u b l e  h e a v y  e n d s ) ,  a n d  a 
m e t h y l e n e  c h l o r i d e  i n s o l u b l e  f r a c t i o n  ( i n s o l u b l e  h e a v y  e n d s ) ,  T a b l e  
11. F u r t h e r  f r a c t i o n a t i o n  of t h e  o i l s  a n d  s o l u b l e  h e a v y  e n d s  f r o m  
p a s s  40 was c a r r i e d  o u t  by s i l i c a  g e l  o p e n  c o l u m n  c h r o m a t o g r a p h y .  
T h r e e  f r a c t i o n s  w e r e  c o l l e c t e d :  a l k a n e s  ( e l u t e d  w i t h  p e n t a n e ,  
i s o o c t a n e ,  p e n t a n e ) ,  a r o m a t i c s  ( e l u t e d  w i t h  m e t h y l e n e  c h l o r i d e ) ,  and  
p o l a r s  ( e l u t e d  w i t h  m e t h a n o l )  ( T a b l e  1 1 1 ) .  The c h r o m a t o g r a p h i c  m e t h o d  
i n v o l v e d  1 0 0  g A l d r i c h  G r a d e  1 2  28-200  m e s h  s i l i c a  g e l  a c t i v a t e d  a t  
25OOC f o r  2 4  h o u r s  p a c k e d  d r y  b e t w e e n  two  g l a s s  w o o l  p l u g s  i n  a P y r e x  
c o l u m n  t h a t  h a d  a 75 -100  p f r i t t e d  g l a s s  p l a t e .  T h e  s i l i c a  g e l  was 
w e t t e d  w i t h  HPLC g r a d e  p e n t a n e  a n d  t h e n  l o a d e d  w i t h  - 1  g r a m  of 
s a m p l e .  E l u t i o n  was i n  t h e  f o l l o w i n g  s e q u e n c e  w i t h  HPLC g r a d e  
s o l v e n t s :  1 5 0  m l  p e n t a n e ,  1 0 0  m l  i s o o c t a n e ,  5 0  m l  p e n t a n e ,  250 m l  
m e t h y l e n e  c h l o r i d e ,  a n d  1 0 0  m l  m e t h a n o l .  T h e  f i r s t  t h r e e  l i s t e d  e l u t e  
a l k a n e s ,  t h e  f o u r t h  e l u t e s  a r o m a t i c s  a n d  t h e  p o l a r  compounds  a r e  
e l u t e d  w i t h  t h e  f i f t h .  

C h a r a c t e r i z a t i o n  s t u d i e s  w e r e  c a r r i e d  o u t  o n  t h e  f r a c t i o n s  u s i n g  
e l e m e n t a l  a n a l y s i s ,  t e t r a h y d r o f u r a n  (THF) s o l u b i l i t y ,  t h e r m o -  
g r a v i m e t r i c  a n a l y s i s  (TGA),  s i z e  e x c l u s i o n  h i g h  p e r f o r m a n c e  l i q u i d  
c h r o m a t o g r a p h y  ( m o b i l e  p h a s  THF, U V  a n d  r e f r a c  v e  i n d e x  d e t e c t i o n ) ,  
I R  s p e c t r o m e t r y ,  200 MHz 'H N M R  a n d  5 0  MHz "C N M R  s p e c t r o m e t r y ,  
c a p i l l a r y  G C / M S  a n d  d i r e c t  p r o b e  MS. 

R e s u l t s  and D i s c u s s i o n  

The  v a r i a t i o n  i n  c o m p o s i t i o n  o f  t h e  p r o d u c t  s l u r r i e s  f r o m  Runs  1 0 1  and  
1 0 3  d u r i n g  4 0  r e c y c l e  p a s s e s  i s  shown  i n  F i g u r e  2 a n d  T a b l e  11. 

I n s o l u b l e  H e a v y  E n d s .  The  i n s o l u b l e  h e a v y  e n d s  i n c r e a s e d  d u r i n g  b o t h  
r u n s .  A s t e a d i e r ,  e a r l i e r  i n c r e a s e  was s e e n  d u r i n g  Run 1 0 1  ( F i g u r e  
2 1 ,  c o i n c i d i n g  w i t h  t h e  i n c r e a s i n g  v i s c o s i t y .  D u r i n g  Run 1 0 1  t h e  
r e a c t o r  was " b l o w n  down" o n l y  o n c e  ( p a s s  2 5 )  t o  r e m o v e  a c c u m u l a t e d  
r e a c t o r  s o l i d s  r e s u l t i n g  i n  a r a p i d  d r o p  i n  v i s c o s i t y .  T h e  v i s c o s i t y  
t h e n  r o s e  s l o w l y  u n t i l  p a s s  4 0  w h e r e  a r a p i d  i n c r e a s e  w a s  s e e n  (2). 
The  i n s o l u b l e  h e a v y  e n d s  i n c r e a s e d  m o r e  s l o w l y  d u r i n g  Run  1 0 3 .  T h i s  
s l o w e r  i n c r e a s e  may b e  r e l a t e d  t o  t h e  much l o w e r  v i s c o s i t y  o b s e r v e d  
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T a b l e  11. C o m p o s i t i o n  o f  R e c y c l e  S l u r r i e s  (Wt 9 ; )  D u r i n g  
C P U  Runs  1 0 1  a n d  1 0 3  

P a s s  No. 
F r a c t i o n s  0 7 19 30  ( 3 1 )  4 0  

O i l :  

1 0 1  
1 0 3  

S o l u b l e  Heavy  
E n d s :  

1 0 1  
1 0 3  

I n s o l u b l e  Heavy  
E n d s :  * 

1 0 1  
1 0 3  

T o t a l  % 
R e c o v e r y :  

1 0 1  
1 0 3  

Ash:  

1 0 1  
1 0 3  

94.5 
8 8  .3 

4 .1  
2.7 

0.04 
3 . I  

98 .6 
94 . I  

0.03 
4.4 

* I n c l u d e s  m i n e r a l  m a t t e r .  

70  .9 
67 .O 

14 .3 
18 .9 

8.6 
9.9 

93.8 
95.8 

6.6 
6 .9 

50.2 
5 9  .o 

19.9 
19  .6 

19.1 
12.7 

89.2 
9 1  .3 

10.8 
9.8 

54.7 
46.3 

16.4 
16.2 

27 .6 
24.4 

98.7 
86.9 

11.2 
13  .O 

48.4 
46.1 

16 .1  
19.7 

29.8 
25.6 

94.3 
91.4 

11.4 
11.5 

T a b l e  111. S i l i c a  G e l  Co lumn F r a c t i o n a t i o n  of C P U  Runs  
1 0 1  a n d  1 0 3  P a s s  40 Oils a n d  S o l u b l e  Heavy  E n d s  ( W t  X )  

1 0 1  Pass 40 1 0 3  P a s s  4 0  
S o l u b l e  S o l u b l e  

Heavy  E n d s  H e a v y  E n d s  

A l k a n e s  0.1 5.6 0 .6 8 .o 

P o l a r s  - 
X R e c o v e r y  92.6 92.8 82.2 97 .8  

A r o m a t i c s  56.2 59.1 45 .o 58.6 
35.3 28.1 36.6 - 3 1  .2 - 
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d u r i n g  Run 1 0 3 .  T h e  v i s c o s i t y  was c o n t r o l l e d  d u r i n g  Run 1 0 3  by 
s c h e d u l i n g  r e a c t o r  b lowdown e v e r y  t w e l f t h  p a s s .  D i r e c t  i n s e r t i o n  
p r o b e  MS h e a t i n g  p r o f i l e s  o f  t h e  i n s o l u b l e  h e a v y  e n d s  f r o m  Runs  1 0 1  
a n d  103  g a v e  n o n - q u a n t i t a t i v e  p r o f i l e s  o f  t h e  s m a l l  p e r c e n t a g e  o f  t h e  
m a t e r i a l  t h a t  c o u l d  b e  a n a l y z e d  by t h i s  m e t h o d .  The  i n s o l u b l e  h e a v y  
e n d s  s a m p l e  f r o m  Run 1 0 1  g a v e  a p r o m i n e n t  p e a k  t h a t  v o l a t i l i z e d  e a r l y  
i n  t h e  r u n .  T h i s  p e a k  g a v e  a m a s s  s p e c t r u m  t h a t  a p p e a r e d  t o  be 
i d e n t i c a l  w i t h  t h a t  o f  1 , 2 ' - b i n a p h t h y l .  T h i s  c o m p o n e n t  was n o t  
p r e s e n t  in t h e  i n s o l u b l e  h e a v y  e n d s  f r o m  Run 1 0 3 .  I t  was n o t  a 
p r o m i n e n t  c o m p o n e n t  o f  t h e  s o l u b l e  h e a v y  e n d s  f r o m  e i t h e r  r u n .  A f t e r  
s u b t r a c t i n g  t h e  a s h  c o n t e n t  a n d  t h e  THF s o l u b l e  p o r t i o n  of t h e  h e a v y  
e n d s ,  7 . 5 %  o f  Run 1 0 1  a n d  6 . 7 %  of  Run 1 0 3  is i n t r a c t a b l e  THF i n s o l u b l e  
o r g a n i c  m a t t e r  ( T a b l e  IV). 

S o l u b l e  Heavy  E n d s .  The  s o l u b l e  h e a v y  e n d s  a l s o  i n c r e a s e d  g r a d u a l l y  
f r o m  p a s s  t o  p a s s  d u r i n g  b o t h  Runs  1 0 1  a n d  1 0 3  a s  t h e  c o a l - d e r i v e d  
m z t e r i a l s  h a g a n  t o  r e p l a c e  t h e  > 9 1 %  s o l u b l e  s t a r t u p  s o l v e n t s  ( F i g u r e  2 
a n d  T a b l e  11) u n t i l  p a s s  4 0  w h e r e  t h e  sum of t h e  i n s o i u b i e  and s o l i i b l s  
h e a v y  e n d s  r e a c h e d  a b o u t  4 5 %  t o  4 6 % .  T h i s  l e a v e s  4 8 . 4 %  (Run 1 0 1 )  a n d  
4 6 . 1 %  ( R u n  1 0 3 )  o i l s  a s  p r o d u c t s  a t  p a s s  4 0  ( F i g u r e  2 a n d  T a b l e  11). 

C h a r a c t e r i z a t i o n  o f  t h e  s o l u b l e  h e a v y  e n d s  is much m o r e  d i f f i c u l t  
t h a n  t h e  c h a r a c t e r i z a t i o n  o f  d i s t i l l a b l e  o i l s  w h i c h  c a n  be e a s i l y  
s e p a r a t e d  by c a p i l l a r y  G C  a n d  i d e n t i f . i e d  by  G C ,  GC/MS and  N M R  
c o m p a r i s o n s  w i t h  known s t a n d a r d  c o m p o u n d s .  However  t h e  s o l u b l e  h e a v y  
e n d s  r e s e m b l e  t h e  o i l s  in some v e r y  i m p o r t a n t  w a y s .  They  c a n  be 
s e p a r a t e d  b y  s i m p l e  c o l u m n  c h r o m a t o g r a p h y  o n  s i l i c a  g e l  i n t o  f r a c t i o n s  
e a s i l y  i d e n t i f i e d  a s  a l k a n e s  { 6 0 . 5 - 1 . 4 ) ,  a r o m a t i c s  ( 6 7 . 2 - 8 . 7 1 ,  and 
p o l a r s  ( 6 6 . 2 - 7 . 2 )  b y  200  MHz H N M R  ( F i g u r e  3 )  a n d  5 0  MHz C N M R  
s p e c t r o m e t r y .  The  s o l u b l e  h e a v y  e n d s  f r o m  R u n s  1 0 1  a n d  1 0 3  
p a r t i t i o n e d  d i f f e r e n t l y  w i t h  o u r  s e p a r a t i o n  ( T a b l e  111). Run 103  
p r o d u c e d  m o r e  C-9 a n d  l a r g e r  a l k a n e s  in t h e  h e a v y  a n d  o i l  f r a c t i o n s  
t h a n  Run  1 0 1 .  S m a l l  c o n t a m i n a t i o n  o f  b o t h  a l k a n e  f r a c t i o n s  by 
p h t h a l a t e s  o c c u r r e d  ( n o t e  e x t r a n e o u s  p e a k s  on  F i g u r e  3 ,  t o p  r i g h t ) .  
S m a l l  a m o u n t s  o f  p h t h a l a t e  c o n t a m i n a n t s  w e r e  a c c i d e n t a l l y  i n t r o d u c e d  
i n t o  t h e  s l u r r y .  T h e y  a p p e a r  in a l l  t h r e e  c o l u m n  f r a c t i o n s ,  b u t  
m a i n l y  in t h e  h e a v y  e n d s  p o l a r  f r a c t i o n  o f  Run 1 0 1 .  Run 1 0 3  a l s o  
p r o d u c e d  m o r e  p o l a r s  i n  t h e  o i l  a n d  h e a v y  f r a c t i o n s  t h a n  Run 101  
( T a b l e  111). Run  1 0 1  p r o d u c e d  s l i g h t l y  m o r e  a r o m a t i c  h y d r o c a r b o n s  
t h a n  Run  1 0 3 .  

S o l u b l e  Heavy  E n d s - A r o m a t i c  F r a c t i o n s .  D i f f e r e n c e s  b e t w e e n  a r o m a t i c  
f r a c t i o n s  o f  t h e  s o l u b l e  h e a v y  e n d s  o f  R u n s  1 0 1  a n d  1 0 3 . m a y  be s e e n  by 
i n s p e c t i o n  o f  t h e  e l e m e n t a l  a n a l y s e s  ( T a b l e  V I ,  t h e  I H  NMR s p e c t r a  
( F i g u r e  3 ,  m i d d l e ) .  t h e  I R  s p e c t r a  ( n o t  s h o w n ) ,  T G A  v o l a t i l e s ,  a n d  t h e  
a v e r a g e  m o l e c u l a r  w e i g h t  maxima ( T a b l e  IV). D i r e c t  i n s e r t i o n  p r o b e  MS 
h e a t i n g  p r o f i l e s  f r o m  3 0 '  t o  350°C a t  5 O / m i n  o b t a i n e d  a t  1 0  e v  a n d  70  
e v  w e r e  c o m p a r e d  f o r  s a m p l e s  o f  a r o m a t i c  f r a c t i o n s  o f  t h e  s o l u b l e  
h e a v y  e n d s  Run 1 0 1  a n d  1 0 3 .  D u r i n g  t h e  f i r s t  p a r t  o f  t h e  h e a t i n g  
p r o f i l e s  s m a l l  a m o u n t s  o f  m a t e r i a l s  w i t h  m a s s e s  r e c o g n i z a b l e  a s  common 
h y d r o c a r b o n s  w e r e  n o t e d .  T h e s e  i n c l u d e d  s u c h  masses as  1 2 8 , 1 4 2  
( p r o b a b l e  n a p h t h a l e n e s ) ,  1 7 8 , 1 9 2  ( p h e n a n t h r e n e s )  a n d  2 0 2 , 2 1 6  ( p y r e n e s )  
r r h i r h  w e r e  s e e n  in t h e  h e a v y  a r o m a t i c  f r a c t i o n s  o f  b o t h  Runs  1 0 1  and  
1 0 3 .  M a s s e s  1 6 8 , 1 8 2  a n d  1 9 6  ( p r o b a b l e  d i b e n z o f u r a n s j  w e r e  uiucii i i lo rc  
p r o m i n e n t  in t h e  h e a v y  a r o m a t i c s  f r o m  Run 1 0 3  t h a n  Run 1 0 1 .  T h e s e  
p a r e n t  i o n s ,  p r e s e n t  i n  b o t h  h i g h -  a n d  l o w - v o l t a g e  m a s s  s p e c t r a ,  a r e  
p r o b a b l y  s m a l l  h y d r o c a r b o n s  a n d  e t h e r s  p a r t i t i o n e d  i n t o  t h e  h e a v y  
f r a c t i o n  d u r i n g  o u r  i n i t i a l  s o l u b i l i t y  s e p a r a t i o n .  A s  t h e  h e a t i n g  
p r o g r e s s e d  a l a r g e  number  o f  m a s s e s  g i v i n g  t h e  maximum i o n  c u r r e n t  
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T a b l e  I V .  P r o p e r t i e s  o f  O i l s ,  S o l u b l e  Heavy E n d s ,  and  
I n s o l u b l e  Heavy End F r a c t i o n s  o f  CPU 

Runs 101 and 103, P a s s  40 

T H F  N o n v o l a t i l e s  A v e r a g e  M U  ~~ 

I n s o l u b l e  
Sample (Wt X )  

T o t a l  S a m p l e s :  

101 Sol. 0 .oo 
103 Sol. 0 .oo 
101 O i l  0 .oo 
103 O i l  0 .oo 

Heavy Ends  

Heavy Ends 

S i l i c a  G e l  C o l u m n  
F r a c t i o n s  3 ( a r o m a t i c s ) :  

101 Sol. 0 .oo 
103 Sol. 0 .oo 

101 O i l  0 .oo 
103 O i l  0 .oo 

Heavy Ends 

Heavy Ends 

S i l i c a  G e l  Column 
F r a c t i o n s  4 ( p o l a r s ) :  

101 s o l .  1.97 

103 Sol. 4 .61 

101 O i l  0 .oo 

Heavy Ends 

Heavy Ends 

103 Oil 4 .46 

32.52 (8OOC) 

31.62 (800C) 

42.69 (500C) 

36.25 (500C) 

2.83 (500C) 

1.75 (500C) 

31.98 (500C) 

17.75 (500C) 

11.31 (500C) 

13.53 (500C) 

I 

Maxima ( S i z e  
E x l u s i o n s  HPLC) 

10.000. 1200. 
475 . 
10,000, 1200, 
- 
475, 280, 240 
1200, 540, 420, 
360 
620, 505, 360, 
210, 340, 290, 
260 

- 

1200, 1000, 550 
10,000, 1200, 
600, 450, 320 
610. 385. 345, 
320, 220, 160 
330, 310, 220, 
~ , ~ , ~  

13,000. 1350. 520,450 
1200, 480, 430, 
380 
15,000, 1100, 
680, 540, 450, 
360, 330, 150 
16,000, 1000, 

- 

- 

520, 380, 360, 
250, 200 

I n s o l u b l e  Heavy E n d s :  

101 63.5 (18.9% of s l u r r y )  
103 7 1  .O (18.2% of s l u r r y )  
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a r o u n d  mass 5 0 0  w e r e  o b s e r v e d .  T h i s  r e s u l t  a g r e e s  w i t h  t h e  maxima o f  
m a s s  5 5 0  a n d  4 5 0  i n  t h e  s i z e  e x c l u s i o n  c h r o m a t o g r a p h i c  H P L C  a v e r a g e  
m o l e c u l a r  w e i g h t  p r o f i l e s  f r o m  b o t h  Runs  1 0 1  a n d  1 0 3  ( T a b l e  IV). 
T h e r e  w e r e  a l a r g e  n u m b e r  o f  b o t h  e v e n  a n d  odd  m a s s e s  r e p r e s e n t e d  i n  
p r o f i l e s  f r o m  b o t h  r u n s .  Run 1 0 3  h a d  a p a r t i c u l a r l y  p r o m i n e n t  odd  
mass h o m o l o g o u s  s e r i e s  o f  3 8 1 ,  3 9 5 ,  4 0 9 ,  4 2 3 ,  4 3 9 ,  4 5 3 ,  a n d  4 6 7 .  T h e  
u n i t  r e s o l u t i o n  o f  o u r  q u a d r u p o l e  MS d i d  n o t  p e r m i t  c o n f i r m a t i o n  o f  
t h e s e  m a s s e s  a s  a r o m a t i c  n i t r o g e n  c o m p o u n d s ,  h o w e v e r  t h e y  were  
t e n t a t i v e l y  a s s i g n e d  t o  n e u t r a l  a r o m a t i c  n i t r o g e n  compounds  a f t e r  
c o n s i d e r i n g  t h e  N / C  r a t i o s  ( T a b l e  V )  a n d  t h e  s e p a r a t i o n s  u s e d  t o  
o b t a i n  t h e  f r a c t i o n s .  

S o l u b l e  Heavy  E n d s - P o l a r  F r a c t i o n s .  13C NMR a n d  ' H  N M R  s p e c t r o s c o p y  
( F i g u r e  3 ,  b o t t o m )  show a p r e d o m i n a n c e  o f  p h e n o l i c  o x y g e n  
f u n c t i o n a l i t y  i n  t h e  s o l u b l e  h e a v y  e n d s  p o l a r  f r a c t i o n s  f r o m  b o t h  R u n s  
1 0 1  a n d  1 0 3 .  A l t h o u g h  t h e  t o t a l  p o l a r  n i t r o g e n  c o n t e n t  i n  t h e  t w o  
r u n s  was a l m o s t  t h e  s a m e ,  t h e  d i s t r i b u t i o n  o f  n i t r o g e n  compounds  
d i f f e r e d .  The p o l a r  compounds  f r o m  R u n s  1 0 1  h a v e  a h i g h e r  N / C  r a t i o  
t h a n  t h o s e  f r o m  Run 1 0 3  ( T a b l e  V). D i r e c t  i n s e r t i o n  p r o b e  MS h e a t i n g  
p r o f i l e s  c o m p a r i n g  t h e  p o l a r  f r a c t i o n s  f r o m  R u n s  1 0 1  a n d  1 0 3  i n d i c a t e d  
a l o w e r  m o l e c u l a r  w e i g h t  r a n g e  t h a n  t h a t  o f  t h e  a r o m a t i c  f r a c t i o n s ,  
t h u s  s u p p o r t i n g  t h e  s i z e  e x c l u s i o n  c h r o m a t o g r a p h i c  HPLC d i s t r i b u t i o n  
( T a b l e  IV). E v e n  a n d  o d d  m a s s e s  w e r e  p l e n t i f u l  w i t h i n  t h e  m o l e c u l a r  
w e i g h t  r a n g e  f o u n d  f o r  h e a v y  s a m p l e s  f r o m  R u n s  1 0 1  a n d  1 0 3 .  A s t r o n g  
c o r r e l a t i o n  b e t w e e n  o x y g e n  c o n t e n t  ( m o s t l y  p h e n o l i c )  a n d  v i s c o s i t y  f o r  
s o l v e n t - r e f i n e d  c o a l s  w a s  n o t e d  i n  o u r  l a b o r a t o r y  b u t  t h e  s a m e  s t u d y  
f a i l e d  t o  f i n d  a c o r r e l a t i o n  b e t w e e n  t o t a l  n i t r o g e n  c o n t e n t  a n d  
v i s c o s i t y  (5) .  tt t h e  p r e s e n t  t i m e  i t  i s  n o t  c l e a r  w h e t h e r  t h e  
d i f f e r e n c e s  f o u n d  i n  n i t r o g e n  compound t y p e  d i s t r i b u t i o n  i n  t h e  
p r e s e n t  s t u d y  h a v e  a n y  e f f e c t  on v i s c o s i t y .  

O i l s .  A n a l y s i s  o f  t h e  o i l s  f r o m  p a s s  4 0  o f  Runs  1 0 1  a n d  1 0 3  were  
c a r r i e d  o u t  i n  o r d e r  t o  p r o v i d e  c o m p a r i s o n  w i t h  t h e  s o l u b l e  h e a v y  e n d s  
a n d  t o  s u p p l y  mass b a l a n c e  f o r  t h e  s l u r r y  separaL'!on a n a l y s i s .  A much 
more d e t a i l e d  c h a r a c t e r i z a t i o n  o f  t h e  o i l s  t h r o u g h o u t  t h e  e n t i r e  r u n  
i s  b e i n g  p r e p a r e d .  T h e  p e r c e n t a g e  o f  o i l s  d e c r e a s e s  f r o m  > 8 5 %  i n  t h e  
s o l v e n t s  a t  t h e  b e g i n n i n g  o f  t h e  r u n s  t o  4 5 % - 5 8 %  a t  t h e  l a s t  p a s s .  
D i f f e r e n c e s  i n  c o m p o s i t i o n  of t h e  o i l s  f r o m  R u n s  1 0 1  a n d  1 0 3 ,  p a s s  4 0 ,  
w e r e  a s s e s s e d  u s i n g  t h e  a n a l y t i c a l  p r o c e d u r e s  a l r e a d y  d e s c r i b e d  a n d  
s o l v e n t  e x t r a c t i o n  ( J ) .  B a s e  e x t r a c t i o n  o f  t h e  p h e n o l s  g a v e  t h e  s a m e  
p e r c e n t  p h e n o l s  f o r  b o t h  Runs  1 0 1  a n d  1 0 3 .  The  a m o u n t s  o f  m e t h y l a t e d  
p h e n a n t h r e n e s  i n  t h e  a r o m a t i c  f r a c t i o n  o f  Run 1 0 3  w e r e  l a r g e r  t h a n  i n  
Run 101 .  The d i f f e r e n c e  i n  t h e  p h e n a n t h r e n e  c o m p o s i t i o n  b e t w e e n  R u n s  
1 0 1  a n d  1 0 3  p a s s  4 0  o i l s  may b e  s e e n  by o b s e r v i n g  t h e  r e g i o n  b e t w e e n  
t h e  r e s o n a n c e s  f o r  u n s u b s t i t u t e d  p h e n a n t h r e n e  h d r o g e n s  a t  8 . 7 1  a n d  
8 . 6 8  6 a n d  t h e  p y r e n e  p e a k  a t  8 . 2 0 6 i n  t h e  200 MHz 'H NMR s p e c t r a  a t  t h e  
b o t t o m  o f  F i g u r e  4 .  The  p e a k s  b e t w e e n  t h e s e  v a l u e s  a r e  
c h a r a c t e r i s t i c  o f  s u b s t i t u t e d  p h e n a n t h r e n e s .  The u n s u b s t i t u t e d  
a r o m a t i c  h y d r o c a r b o n s ,  p h e n a n t h r e n e  ( 8 . 7  1 ,  8 . 6 8  6 ) ,  f l u o r e n e  ( 3 . 9 8 6 ) ,  
a n d  a c e n a p h t h e n e  ( 3 . 3 9 6 )  a r e  m o r e  p l e n t i f u l  i n  Run 1 0 1  p a s s  4 0  o i l s  
t h a n  i n  Run 103  O i l s .  

P a s s  t o  p a s s  c o m p o s i t i o n  c h a n g e s  d u r i n g  t h e  t w o  r e c y c l e  r u n s  w e r e  
o b s e r v e d  ( T a b l e  11, F i g u r e  4 ) .  T h e s e  c h a n g e s  a r e  g r a p h i c a l l y  
d i s p l a y e d  i n  F i g u r e  4 w h i c h  s h o w s  2 0 0  MHz 'H  NMR s p e c t r a  o f  some o f  
t h e  p r o d u c t  o i l s  a s  t h e y  c h a n g e  i n  c o m p o s i t i o n  f r o m  p a s s  t o  p a s s .  
T h e s e  c h a n g e s  a r e  more  e v i d e n t  d u r i n g  t h e  i n i t i a l  d i l u t i o n  o f  s t a r t u p  
s o l v e n t  w i t h  p r o d u c t  a n d  become  more  s u b t l e  b e t w e e n  t h e  3 0 t h  a n d  4 0 t h  
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p a s s .  T h e  c o m p o s i t i o n  of  p r o d u c t  o i l  f r o m  b o t h  R u n s  101 a n d  103 s t i l l  
a p p e a r  t o  b e  c h a n g i n g  s l o w l y  a t  p a s s  4 0 .  

S u n m a r z  

A room t e m p e r a t u r e  s o l u b i l i t y  s e p a r a t i o n  m e t h o d  was u s e d  t o  s e p a r a t e  
t h e  p r o d u c t s  o f  t w o  4 0  p a s s  CPU r u n s  t h a t  u s e d  d i f f e r e n t  s t a r t u p  
s o l v e n t s .  A l t h o u g h  t h e  c o m p o s i t i o n  was n o t  i n v e s t i g a t e d  in d e t a i l ,  
t h e  i n s o l u b l e  h e a v y  e n d s  f r a c t i o n  f r o m  Run 101 a p p e a r e d  t o  c o n t a i n  
b i n a p h t h y l  w h i l e  Run 103 d i d  n o t .  T h e  o i l s  a n d  s o l u b l e  h e a v y  e n d s  
p o r t i o n s  f r o m  t h e  4 0 t h  p a s s  were f r a c t i o n a t e d  by s i l i c a  g e l  c o l u m n  
c h r o m a t o g r a p h y .  T h e  s e p a r a t i o n  i n t o  a l k a n e s ,  a r o m a t i  s ,  a n d  o l a r s  
g a v e  c l e a n  f r a c t i o n s  b a s e d  o n  N M R  s p e c t r a l  d a t a .  T h e  'H a n d  "C N M R  
s p e c t r a  of t h e  c o r r e s p o n d i n g  oil a n d  h e a v y  f r a c t i o n s  w i t h i n  a s l u r r y  
s a m p l e  r e s e m b l e d  e a c h  o t h e r  w i t h  o i l  p o l a r s  ( k n o w n  t o  b e  m a i n l y  
p h e n o l i c )  r e s e m b l i n g  h e a v y  p o l a r s  a n d  o i l  a r o m a t i c s  r e s e m b l i n g  h e a v y  

c a u s e s  t h e m  t o  b e  s e p a r a t e d  by s o l u b i l i t y  a p p e a r s  t o  be p o l a r i t y  
r a t h e r  t h a n  m o l e c u l a r  w e i g h t  d i f f e r e n c e s .  H o w e v e r ,  t h e  m a j o r  
d i f f e r e n c e  b e t w e e n  oil a n d  h e a v y  a r o m a t i c  f r a c t i o n s  c a u s i n g  s o l u b i l i t y  
s e p a r a t i o n  i s  a p p a r e n t l y  d u e  t o  m o l e c u l a r  w e i g h t  d i f f e r e n c e s .  

T h e  s u c c e s s  o f  t h e s e  s e p a r a t i o n s  w i t h  m a t e r i a l s  o f  m o d e r a t e l y  
h i g h  m o l e c u l a r  w e i g h t  makes  p o s s i b l e  a s u r v e y  o f  a l a r g e r  p e r c e n t a g e  
o f  t h e  l i q u e f a c t i o n  p r o d u c t  s l u r r y .  T h e  c h a r a c t e r i z a t i o n  of  t h e  
f r a c t i o n s  by  a c o m b i n a t i o n  of t e c h n i q u e s  i s  now p o s s i b l e .  A l a c k  of  
h i g h  m o l e c u l a r  w e i g h t  m o d e l  c o m p o u n d s  t o  s e r v e  a s  k n o w n s  f o r  f u r t h e r  I 

a n a l y s i s  p r e s e n t s  a p r o b l e m ;  h o w e v e r ,  a d d i t i o n a l  w o r k  i s  in p r o g r e s s .  
T h e  p r o d u c t s  f r o m  R u n s  101 a n d  103 a f t e r  4 0  p a s s e s  w e r e  

c h e m i c a l l y  d i s s i m i l a r .  B o t h  t h e  o i l s  a n d  t h e  h e a v y  e n d s  showed a 
number  of  d i f f e r e n c e s .  I t  was  o f  i n t e r e s t  t o  n o t e  t h a t  t h e  r u n  
s t a r t e d  up  w i t h  t h e  PDU r e c y c l e  s o l v e n t  t h a t  c o n t a i n e d  m o r e  a l k a n e s  
(13.9%) s t i l l  y i e l d e d  a p r o d u c t  w i t h  m o r e  a l k a n e s  a f t e r  4 0  p a s s e s  b u t  
t h e  t o t a l  a m o u n t  w a s  o n l y  8% o f  t h e  o i l ,  3.8% of  t h e  p r o d u c t  s l u r r y .  
T h e  p e r c e n t  p h e n o l s  i n  t h e  o i l  ( b y  e x t r a c t i o n )  w a s  v e r y  c l o s e  t o  e q u a l  
f o r  p a s s  4 0  f r o m  R u n s  101 a n d  103 b u t  t h e  a r o m a t i c  h y d r o c a r b o n  
c h a r a c t e r  o f  t h e  s t a r t u p  s o l v e n t  a p p e a r e d  t o  b e  r e c o g n i z a b l e  a f t e r  40 
p a s s e s  in b o t h  R u n s  101 a n d  103. Run 103 s t i l l  c o n t a i n s  more  
a l k y l a t e d  a n d  m e t h y l a t e d  a r o m a t i c  h y d r o c a r b o n s  l i k e  t h e  PDU s o l v e n t  
w h i l e  Run 101 c o n t a i n e d  m o r e  u n s u b s t i t u t e d  a r o m a t i c  h y d r o c a r b o n s  s u c h  
a s  p h e n a n t h r e n e ,  a c e n a p h t h e n e ,  a n d  f l u o r e n e  l i k e  A04.  T h e r e  was an  
u n e q u a l  d i s t r i b u t i o n  of  n i t r o g e n  w i t h i n  t h e  p r o d u c t s  f r o m  t h e  two 
r u n s .  

V a r i o u s  c o m p o s i t i o n  d a t a  w e r e  e x a m i n e d  i n  a n  a t t e m p t  t o  f i n d  a 
c o r r e l a t i o n  w i t h  t h e  much h i g h e r  v i s c o s i t y  o f  Run 101. T h e r e  d i d  n o t  
s e e m  t o  b e  much d i f f e r e n c e  in t h e  s i z e  of  a n y  h e a v y  f r a c t i o n  when Runs 
101 a n d  103 w e r e  c o m p a r e d ,  a l t h o u g h  t h e  i n s o l u b l e  h e a v y  e n d s  w e r e  
s o m e w h a t  l a r g e r  i n  Run 101 ( 2 9 . 8 %  o f  t h e  s l u r r y  c o m p a r e d  w i t h  Run 103 
2 5 . 6 % ) .  T h e  p o r t i o n  o f  t h e  s l u r r y  t h a t  r e p r e s e n t s  THF i n s o l u b l e  v e r y  
h e a v y  i n t r a c t a b l e  o r g a n i c  m a t t e r  w a s  7 . 5 %  f o r  Run 101 a n d  6 .7% f o r  Run 
103. T h e  c o m p o s i t i o n  o f  t h e  s o l u b l e  h e a v y  e n d s  w i t h  r e s p e c t  t o  
a m o u n t s  o f  p h e n o l s  a n d  a r o m a t i c s  d i d  n o t  a p p e a r  t o  b e  t h e  c a u s e  o f  t h e  
v i s c o S i t y .  O n l y  cne  d i f f e r e n c e  +?.'1s n o t e d  a n d  t h a t  wan Run 101 h e a v y  
e n d s  p o l a r  f r a c t i o n  s h o w e d  a h i g h e r  N/C r a t i o  i n d i c a t i n g  a d i f f e r e n t  
compound t y p e  d i s t r i b u t i o n  t h a n  Run 103. T h e  v i s c o s i t y  d i f f e r e n c e  
c o u l d  n o t  b e  e x p l a i n e d  b a s e d  on t h e  o i l  c o m p o s i t i o n .  T h e  p e r c e n t  
p h e n o l s  i n  t h e  o i l  was  t h e  same in b o t h  R u n s  101 a n d  103 a l t h o u g h  t h e  
p o l a r  ( m a i n l y  p h e n o l i c )  f r a c t i o n  o f  Run 101 a l s o  s h o w e d  t h e  h i g h e r  N/C 
r a t i o  i n d i c a t i n g  d i f f e r e n t  compound t y p e s  a r e  p r e s e n t  t h a n  i n  Run 103. 

, 

a r o m a t i c s .  T h e  d i f f e r e n c e  b e t w e e n  o i l  a n d  h e a v y  p o l a r  f r a c t i o n s  t h a t  i 
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Figure 1. Separation of CPU product slurry by solubility and Silica 
gel column chromatography. 
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Figure  2. 
and a sh  a n a l y s i s  f o r  CPU product  s l u r r i e s  from Runs 101 and 103. 

Product  d i s t r i b u t i o n  a s  determined by s o l u b i l i t y  s e p a r a t i o n  

I 
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Figure 3. 
fractions from soluble heavy ends, CPU Runs 101 and 103. 

200 MHz 'H NMR spectra of silica gel column chromatographic 
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F i g u r e  4. Changes in t h e  o i l s  du r ing  CPU Runs 101 and 103 a s  shown by 
200 MHZ 1~ NMR spec t roscopy .  
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Chemical Interactions Between 
Heavy Solvent Components and 

Coal During Coal Liquefaction 

James R. Longanbach 
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505 King Avenue 

Columbus, Ohio 43201 

Introduction L 
Interest  in the heavy components i n  recycle solvents from d i r ec t  coal 

liquefaction processes was generated when Kerr-McGee and Conoco reported tha t  the  
addition of l igh t  SRC, a fraction from the c r i t i c a l  solvent deashing s tep  in the SRC 
Process,to the recycle solvent greatly improved overall solvent quali ty.  (1 )  However, 
some heavy components are not beneficial and can lead t o  coke formation. Clearly, 
recycling some high molecular weight solvent components i s  beneficial t o  d i rec t  coal 
liquefaction processes while recycling others i s  not. The objective of t h i s  study 
has been t o  look a t  the chemical reactions of the heavier materials from an actual 
recycle solvent during the dissolving step of two-stage coal 1 iquefaction. 

Experimental Approach 

the Lummus integrated two-stage liquefaction (ITSL) process p i lo t  plant,  ( 2 )  d i s t i l l  
the solvent t o  454'C, (3) separate each d i s t i l l a t i on  cut i n t o  fractions of chemically 
similar compounds, ( 4 )  characterize the separated fractions in de t a i l ,  and (5) study 
the effects on liquefaction when each solvent fraction i s  used as a heavy recycle 
solvent additive in a microautoclave liquefaction experiment. 

1 

7 The experimental approach has been t o  (1 )  obtain a recycle solvent from 

Coal and Solvent 

I l l ino is  #6 bituminous coal (Burning Star )  which had been g r o u n d  t o  80 
percent -200 mesh and dried t o  4 percent moisture fo r  use in the Lummus ITSL p i lo t  
plant was used for  t h i s  w o r k .  An analysis i s  shown in Table 1. 
i n  Alabama and shipped t o  New Jersey so i t  may have experienced some oxidation, b u t  
i t  i s  probably typical o f  the coals which would actually be used in d i rec t  liquefac- 
t ion processes. The coal was stored under nitrogen in glass j a r s  a f t e r  i t  was 
received in an attempt t o  minimize additional oxidation during storage. 

Recycle solvent from the Lummus ITSL p i lo t  plant was used as the  solvent. 
This solvent i s  a +343'C d i s t i l l a t i on  residue which had been par t ia l ly  hydrogenated 
i n  the process. 
d i s t i l l a t e  and a +427OC residue were obtained and analyzed. Analysis of the s t a r t -  
ing recycle solvent and the two d i s t i l l a t i on  fractions a re  l i s t ed  i n  Table 2. 
the total  solvent, 36 percent boiled below 427°C and 64 percent boiled above 427OC. 
The residue contained most of the heteroatoms; 80 percent of the nitrogen, 84 
percent of the sulfur and 76 percent of the oxygen. 

This coal was ground 

The recycle solvent was d i s t i l l ed  under vacuum t o  427'C and a - 4 2 7 O C  

Of 

Sol vent Separation 

Separations of the solvent fractions obtained by d i s t i l l a t i on  t o  454OC 
were carried out a 

alumina (200 g )  and  eluted with hexane, benzene, chloroform, and tetrahydrofuran. 
The chemical types eluted were non-aromatic hydrocarbons, aromatic hydrocarbons, 
N-aromatics, and 0-aromatics, respectively. Some polar material was retained on the 
column. 

shown in Figure 1 using a column chromatography method developed 
by Later and Lee@ s . T h e  sample (10 g )  was coated on Brockman Activity 1 neutral 
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TABLE 1. ANALYSES OF ILLINOIS #6 COAL FROM THE 
LUMMUS ITSL PROCESS PILOT PLANT 

Prox imate Analyses, W t  % As-Received Dry 

M o i s t u r e  3.99 
Ash 9.72 10.12 

Elemental Analyses, W t  % 

Carbon 
Hydrogen 
N i t r o g e n  
S u l f u r  
Oxygen (by d i f f e r e n c e )  
H/C 

P a r t i c l e  S ize D i s t r i b u t i o n ,  W t  % 

69.73 
4.93 
1.18 
2.88 

72.63 
4.67 
1.23 
3.00 
8.35 
0.77 

+70 mesh 
-70 +120 
-120 +zoo 
-200 +325 
-325 

0.07 
3.64 

18.90 
14.84 
62.55 

TABLE 2. ANALYSES OF RECYCLE SOLVENT FROM THE 
LUMMUS ITSL PROCESS PILOT PLANT 

Sample SCT Recycle Solvent  -427OC 427°C 
(2SCT16-1122) 

Elemental Analyses, W t  % MAF MAF 

Ash 1.30 co.01 2.00 
Carbon 86.77 1 
Hydrogen 
N i  t roqen 

87.91 90.96 87.88 89.67 
6.88 6.97 7.12 6.18 6.31 
0.94 0.95 0.57 1.30 1.33 

0.23 0.69 0.70 S u l f u F  0.53 0.54 
Oxygen (by d i f f e r e n c e )  3.6 3.63 1.12 1.95 1.99 
H/C 0.95 0.94 0.84 

r.fst;::aifoi, D a t a ,  wi 2 

-427°C 35.6 
+427"C 64.4 
Molecular  Weight, g/mole 477 257 456 
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A second separation was carried o u t  on par t ia l ly  deactivated s i l i c i c  acid 
( 3  g water/100 g s i l i c i c  acid) by coating i t  with the N-aromatic fraction (3.35 g )  
and eluting with carbon tetrachloride,  benzene and tetrahydrofuran. These single 
solvents were used instead of the two-component solvents described by Later and Lee(2) 
so tha t  they could be recycled in the large scale column chromatography equipment. 
Only the +454 C N-aromatic fraction was separated on s i l i c i c  acid. 

Figure 2 .  Of the -454 C f rac t ion ,  9.6 percent i s  non-aromatic hydrocarbons, 72.9 
Percent i s  aromatic hydrocarbons, 5.6 percent i s  N-aromatics and 0.4 percent i s  0- 
aromatics. Only 3.8 percent i s  polar material which did n o t  e lu te  from the Column. 
Overall, 82.5 percent of the -454OC solvent fraction are heteroatom-free hydrocarbons. 

The +454OC fraction consists of only 1.3 percent non-aromatic hydrocarbons, 
27.0 percent aromatic hydrocarbons, 4.8 percent N-aromatics and 33.3 percent 0- 
aromatics. A large amount of polar material, 29.1 percent, i s  also present and does 
not e lu te  from the column. The heteroatom-free hydrocarbons to ta l  only 28.3 percent 
of the +454OC recycle solvent fraction. 

Several separations of the +454"C N-aromatic fraction on s i l i c i c  acid gave 
yields of 13-26 percent primary nitrogen compound (aromatic amines), probably 
tontaminated with t e r t i a ry  nitrogen compounds i n  which the basic nitrogen i s  s t e r i ca l ly  

was 20-30 percent and the yield of basic t e r t i a ry  nitrogen compound (pyridine 
derivatives) was 30-45 percent. Total recoveries ranged from 75-85 percent. 

The resu l t s  of the f i r s t  column chromatography separation a re  shown in 

protected". The yield of acidic secondary nitrogen compounds (pyrroles,  e t c . )  

Results and  Discussion 

The separated fractions were characterized by measuring molecular weight 
(by Vapor Phase Osmometry using THF as  the solvent),  elemental analyses and H I - N M R .  
This data was used to  obt in average structural  parameters by application of the 
Brown-Ladner equations (37 Titrations of basic nitrogen were done using perchloric 
acid in acetic acid.(41 Titrations of acidic hydrogen were done by refluxing with 
metallic sodium in tetrahydrofuran, adding water a f t e r  removin excess sodium, and 
back t i t r a t ing  the sodium hydroxide formed with standard HC1. ( 2 )  The analytical 
resu l t s  are sumnarized in Table 3. 

All of the coal liquefaction experiments were done in a microautoclave 
liquefaction apparatus using 5 minutes reaction time a t  427°C under 1000 psi hydrogen 
(room temperature) with a solvent/coal/additive r a t io  of 2:1:0.5. 

A diagram of the microautoclave reactor i s  shown in Figure 3. 
of a 3/4-inch union-tee microreactor which has a volume of 22.4 cc, a valve t o  add 
and release gases, a thermocouple which extends in to  the microautoclave t o  monitor 
temperature, and  a pressure transducer t o  monitor pressure during each experiment. 
The microautoclave i s  heated in a sand bath and shaken horizontally. A 3/8-inch ball 
bearing i s  added t o  f a c i l i t a t e  mixing. 

fractionated by the i r  so lub i l i t i e s  i n  THF. toluene and heptane into insoluble organic 
material ( I O M )  plus ash, preasphaltenes, asphaltenes and o i l s .  
and a complete mass balance was done for each experiment. 
99.2 percent, excluding water and gases. 

I t  consists 

The product gases were analyzed by GC a n d  the l iquids and so l ids  were 

Yields were calculated 
Mass balances averaged 

Non-Aromatic Hydrocarbons 

The non-aromatic hydrocarbon fractions are complex mixtures of paraffins,  
o le f ins  and naphthenes. 
C21H3 
formu?a of C H4 (3.5unsaturations or rings).  Comparison of the conversions t o  THF 
solubles (Ta8qe 8 )  shows t h a t  the heavier fraction i s  a be t te r  solvent. 
aromatic hydrocarbons are expected t o  ac t  only as a physical solvent since they 
contain few or no hydroaromatics which can lose hydrogen readily. 
material therefore appears t o  be be t te r  able t o  dissolve the products of l iquefaction, 
possibly because more of the heavier fraction i s  in the l iquid s t a t e  and  less  in 
the vapor phase due t o  the higher boiling point range. 

The -454'C fraction has an average molecular formula o f  
(5  unsaturations o r  rings) and the +454'C fraction has an average molecular 

The non- 

The heavier 
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Aromatic Hydrocarbons 

The molecular formulas are C H f o r  the -454OC material and  C23H20 f o r  

The molecular weights of the two fractions d i f f e r  

the +454OC fraction. 
These are hydrogenated materials and thereaare significant amounts of a1 iphatic 
rings (hydroaromatics) present. 
by only 53 g/mole. 

Comparison of the liquefaction resu l t s  (Table 4) shows t h a t  the lower 
boiling range fraction i s  the be t te r  solvent. 
i s  expected t o  be hydrogen transfer.  The -454°C fraction has a higher H / C  r a t i o  
(0.99 vs 0.84), i s  l ess  aromatic (f  0 . 6 5 ~ s  0.74) and contains more hydroaromatic 
hydrogens (1.52 vs 1.42 w t  %),  as mgasured by assigning portions of the HI-NMR 
spectrum t o  hydrogens in cyclic structures a and 8 t o  a n  aromatic ring. Another 
factor,  which has not been measured, i s  molecular s i ze ,  which may a l so  have a n  
impact on the re la t ive  ab i l i t y  of the smaller and larger molecules t o  get close 
enough t o  the dissolving coal t o  t ransfer  hydrogen. 
ing point of the +454"C molecules, which should make those molecules more able t o  
physically support the dissolving coal, favor the heavier material. 

The a r o m a t i ~ i t i e ~ ~ ( # ~ )  a re  0.65 and 0.74 fo r  the two fractions.  

The major reaction of these fractions 

Only the larger s ize  and boil-  

N-Containing Aromatics 

The difference i n  molecular weight between the N-aromatic fractions i s  
large,  117 g/mole. 
there i s  also one atom of oxygen present in each molecule. 
polar b u t  are also made u p  of condensed hydroaromatic structures,  so they should be 
able to  ac t  both as hydrogen donors and as physical solvents. The H/C ra t ios  a re  
similar for  the -454'C and +454 "C f r  c t i o  s 0.95 and 0.90 respectively, b u t  
estimation of donatable hydrogen by Hf-NMR?SJ indicates t h a t  the 1 ighter f rac t ion  
should be a much be t te r  hydrogen donor, 1.43 weight percent donatable hydrogen vs 
0.88 fo r  the +454"C fraction. 

fractions are s ign i f icant .  
while only about 60 percent of the oxygen i n  the +454"C fraction i s  non-acidic. 
Of the nitrogen in the -454'C fraction 47 percent i s  basic ( t e r t i a r y )  b u t  only 
34 percent i s  basic in the +454OC fraction. 
as large (.041 vs .024) in the l igh ter  fraction. 

additives resu l t  in lower conversions, although the -454OC material i s  by f a r  the  
more effective solvent. 
fraction may be able t o  overcome most of the negative reactions which occur as a 
resu l t  of the increased polarity of the N-aromatics, compared t o  the aromatic 
hydrocarbons. 
dissolving coal t o  produce large yields of asphaltenes. 
nounced in the +454OC fraction and may be due t o  the higher amount of acidic 
(phenolic) oxygen. 

The molecular formula of the t454"C fraction indicates t h a t  
These fractions are 

The differences in hetero atoms types between the -454°C and +454"C 
All of the oxygen in the -454'C fraction i s  non-acidic 

The N / C  mole r a t io  i s  also twice 

Both N-aromatic solvent The liquefaction results are compared in Table 4. 

The hydrogen donation potential of the l igh ter  N-aromatic 

A major reaction of these fractions i s  adduction of solvent t o  the  
This i s  also more pro- 

Primary, Secondary and Tertiary +454"C N-Aromatics 

The +454"C aromatic fraction was s p l i t  into three fractions by nitrogen 
type, as shown below: 

Primary Secondary Tertiary N-Type 

Compound 
Type 

% of Total N 
24 Basic 

Non-basic ( d i f f . )  76 

-- 
QJ 

H 

5 
95 

78 
22 

30 
70 

% of Total 0 

Non-acidic ( d i f f . )  
?rim-€.---- 

I 

11 
89 
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The p u r i t y  of n i t r o g e n  types i n  each f r a c t i o n  can be est imated from t h e  
r a t i o s  of bas i c  t o  nonbasic n i t rogen  present .  
expected t o  be contaminated w i t h  s i g n i f i c a n t  amounts o f  t e r t i a r y  n i t r o g e n  compounds 
i n  which the n i t r o g e n  i s  s t e r i c a l l y  protected(2) .  
n i t r o g e n  i n  t h i s  f r a c t i o n  i s  bas i c  ( t e r t i a r y ) a n d  t h e  o t h e r  76 percent  i s  assumed t o  
be t h e  des i red  pr imary n i t r o g e n  compounds. 
i s  expected t o  be t h e  most pure and i t  i s  95 percent nonbasic n i t rogen .  
t e r t i a r y  (bas i c )  n i t r o g e n  f r a c t i o n  i s  78 percent bas i c  n i t rogen .  

probably  i n  hydrogen bonds. 
i s  p r i m a r i l y  non-ac id ic ,  poss ib l y  s u b s t i t u t e d  furans, a l s o  i n  hydrogen bonds. 
same oxygen-nitrogen p a i r s  a l so  appear t o  be present  i n  the  contaminated pr imary 
n i t r o g e n  f r a c t i o n .  
a b l e  t o  f o r m  hydrogen bonds w i t h  non-ac id ic  oxygen. 

combined N-aromatics f r a c t i o n  as shown i n  Table 4. 
g i v e  the  lowest  conversions o f  t he  t h r e e  f r a c t i o n s  and the  most asphaltenes. 
on n e t  hydrogen used, t h e  t e r t i a r y  n i t r o g e n  compounds do n o t  s h u t t l e  hydrogen. 
They may s t r o n g l y  bond w i t h  so l ven t  and d i s s o l v i n g  coa l .  

l ower  asphaltene y i e l d s .  
t h a t  they a r e  a l s o  adducted t o  the d i s s o l v i n g  coal  and so l ven t .  
i n d i c a t i o n  o f  s h u t t l i n g  hydrogen. 

f o r  coal  l i q u e f a c t i o n ,  p a r t i c u l a r l y  i f  they are present  when t h e  coal  mo is tu re  
i s  re leased du r ing  d ry ing  and can r e p l a  e the mois ture i n  the  coal  pores be fo re  
l i q u e f a c t i o n  temperatures are reached(7j,  under the  cond i t i ons  used i n  these 
experiments they a r e  r e l a t i v e l y  poor l i q u e f a c t i o n  so lvents ,  p a r t i c u l a r l y  t h e  
t e r t i a r y - N  f r a c t i o n .  

The pr imary n i t r o g e n  f r a c t i o n  i s  

About 24 percent  o f  t h e  

The secondary ( a c i d i c )  n i t r o g e n  f r a c t i o n  
The 

A c i d i c  (pheno l i c )  oxygen i s  assoc iated p r i m a r i l y  with t h e  bas i c  n i t rogen ,  
The oxygen associated w i t h  secondary ( a c i d i c )  n i t r o g e n  

The 

Although t h e  pr imary n i t r o g e n  i s  n e u t r a l  i t  should a l s o  be 

A l l  o f  t h e  i n d i v i d u a l  N-aromatic f r a c t i o n s  a re  b e t t e r  so l ven ts  than t h e  
The t e r t i a r y  n i t r o g e n  N-aromatics 

Based 

The secondary N-aromatics g i v e  t h e  h ighes t  conversions and s i g n i f i c a n t l y  
They r e s u l t  i n  t h e  l a r g e s t  n e t  l oss  o f  o i l  which i n d i c a t e s  

They show some 

Al though the  n i t r o g e n  compounds have been repor ted t o  be good so l ven ts  

0-Containing Aromatics 

The f i n a l  f r a c t i o n  s tud ied  i s  an oxygen-containing aromatic f r a c t i o n  which 
e l u t e d  from the column chromatography separat ion.  Although much o f  t he  oxygen i n  
t h e  coa l  l i q u e f a c t i o n  so lvents  i s  probably  phenolic, t i t r a t i o n  o f  a c i d i c  hydrogen 
showed t h a t  90-96 percent  o f  t he  oxygen on the  molecules t h a t  e l u t e d  was non-ac id ic ,  
probably  i n  f u n c t i o n a l  groups such as s u b s t i t u t e d  benzofurans. 
have lower a r o m a t i c i t i e s  than the  o t h e r  f r a c t i o n s  and a r e  h i g h l y  subs t i t u ted .  The 
-454OC f r a c t i o n  con ta ins  an average o f  2 oxygens per  molecule and the  +454OC f r a c -  
t i o n  conta ins an average o f  4 oxygens per  molecule. The H/C r a t i o s  are h igh ,  1.13 
and 1.18, respec t i ve l y ,  as are the weight  percentages of donatable hydrogen, 1.53 
and 1.77, r e s p e c t i v e l y .  however. as shown i n  Table 4, these f r a c t i o n s  a re  very poor 
so l ven ts .  
t rans fe r .  
aromat ic  b u t  a re  a t o  oxygen atoms. 
as shown by the  nega t i ve  o i l  y i e l d s .  
so l ven ts ,  p o s s i b l y  due t o  t h e i r  low a r o m a t i c i t i e s  and r e l a t i v e l y  l a r g e  s t e r i c  s i ze ,  
caused by t h e  l a r g e  number o f  subs t i t uen ts .  

Conclusions 

These m a t e r i a l s  

Apparent ly ,  t he  major r e a c t i o n  o f  t h i s  c lass  o f  compounds i s  n o t  hydrogen 
This  may be because the  "donatable" hydrogens a re  n o t  r e a l l y  hydro- 

They seem t o  adduct i n  l a r g e  amounts t o  so l ven t ,  
They apparent ly  a r e  a l s o  poor phys i ca l  

The hydrocarbon f r a c t i o n s  i n  the  r e c y c l e  so l ven t  have a p o s i t i v e  e f f e c t  
on 1 i que fac t i on  w h i l e  the  heteroatom con ta in ing  f r a c t i o n s  have a nega t i ve  e f f e c t .  
S ince the  combined amount o f  non-aromatic and aromatic hydrocarbons i s  about 82.5 
we igh t  percent o f  t h e  -454°C r e c y c l e  so l ven t  and o n l y  28.3 weight percent  o f  t he  
+454OC r e c y c l e  so lvent ,  i t  i s  n o t  s u r p r i s i n g  t h a t  t he  o v e r a l l  e f f e c t  o f  adding 
more -454°C s o l v e n t  i s  p o s i t i v e  and t h e  o v e r a l l  e f f e c t  of adding more +454"C sb l ven t  
i s  negat ive (Table 5). ' 

which can a f f e c t  t h e i r  e f f i c i e n c y  as l i q u e f a c t i o n  so lvents  are improved 
Among t h e  opposing p roper t i es  of h igher  molecules weiqht  so l ven t  components 
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f a c i l i t y  fo r  hydrogenation reactions,  b u t  lower amount of donatable hydrogen present, 
lower vapor pressure a t  elevated temperature but the possibil i ty t h a t  t he i r  increased 
s i ze  has a negative s t e r i c  e f fec t  on the i r  ab i l i t y  to  transfer hydrogen. Comparisons 
of solvent fractions of differing molecular weights gives mixed resu l t s .  Of the  
solvent components which are expected t o  react primarily by H-transfer (N-aromatics 
and aromatic hydrocarbons) the heavier fractions are l e s s  e f fec t ive ,  possibly because 
of s t e r i c  hindrance t o  hydrogen transfer a n d  l ess  available hydrogen t o  t ransfer ,  but 
of the solvent components expected t o  ac t  only as physical solvents (non-aromatic 
hydrocarbons and  0-containing aromatics) the heavier components are more effective 
than the corresponding lower molecular weight fractions.  

There appears t o  be a relationship between the type of heteroatoms 
present i n  the recycle solvent fraction which i s  based on hydrogen bonding. These 
relationships appear t o  be an area where additional research may increase understand- 
ing of the weak bonds which are made and broken during liquefaction which resu l t  in 
net solvent loss and improved coal so lubi l i ty .  Another area where further research 
i s  needed i s  on the e f fec t  of s t e r i c  s ize  of the solvent components on coal lique- 
faction. 

because i t  resu l t s  in the production of a s ing le ,  higher-value l iquid product with 
low carcinogenicity, in higher yields t h a n  would otherwise be possible. 
carbons, about 25 percent of the heavy ends, a re  productive liquefaction solvent 
components as well. 

The overall e f fec t  of recycling heavy ends in the ITSL process i s  posit ive 

The hydro- 
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CHEMICAL CLASSES BY COLUMN CHROPATOGRAPHY 
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-454-C AND r454-C RECYCLE SOLVENT 
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INTRODUCTION 

Pheno l ic  components o f  coa l  1 i q u e f a c t i o n  s o l v e n t s  have been cons idered t o  
be b e n e f i c i a l  f o r  convers ion  o f  coa l  (1,2). Orchin and Storch ( 2 ) ,  f o r  
example, r e p o r t e d  t h a t  t h e  a d d i t i o n  o f  smal l  amounts o f  c r e s o l  t o  t e t r a l i n  
inc reased t h e  c o n v e r s i o n  o f  coa l  compared w i t h  t h e  y i e l d  observed w i t h  
t e t r a l i n  alone. Kamiya and co-workers (3 )  observed a s i m i l a r  e f f e c t  w i t h  
phenol o r  c r e s o l  added t o  a s o l v e n t  composed o f  t e t r a l i n  and l - m e t h y l -  
naphthalene; t h e  magnitude o f  t h e  i n c r e a s e  was dependent upon t h e  coa l  used. 
The r e p o r t e d  e f f e c t  has been a s c r i b e d  t o  a v a r i e t y  o f  f a c t o r s ,  one o f  which i s  
a hydrogen-bonding i n t e r a c t i o n  between t h e  p h e n o l i c  species and e t h e r s  i n  t h e  
coa l  (2,3), l e a d i n g  t o  i n c r e a s e d  cleavage o f  v a r i o u s  e thers .  

Awadalla and Smith ( 4 )  observed an inc rease i n  convers ion  w i t h  p -c reso l  
b u t  suggested t h a t  t h e  e f f e c t  was an a r t i f a c t  o f  t h e  e x t r a c t i o n  process, a co- 
s o l v e n t  e f f e c t  a r i s i n g  f rom lack  o f  p r i o r  removal o f  t he  p h e n o l i c  m a t e r i a l .  
Larsen e t  a l .  (5 ) ,  i n v e s t i g a t i n g  t h e  use o f  phenol as a s o l v e n t  f o r  l i q u e f a c -  
t i o n  of  Bruceton P i t t s b u r g h  Seam coa l ,  found t h a t  a s o l v e n t / c o a l  r a t i o  o f  1.5 
and r e a c t i o n  tempera ture  o f  46OOC l e d  t o  a weight inc rease o f  t h e  coa l  o f  9% 
a f t e r  a 15-min r e a c t i o n .  Th is  l a r g e  amount o f  adduc t ion  w i t h  o n l y  a 10% 
convers ion  t o  p y r i d i n e - s o l u b l e  m a t e r i a l  i n d i c a t e s  t h a t  phenol i s  a very poor 
s o l v e n t  under t h e s e  c o n d i t i o n s .  Runs made a t  482°C r e s u l t e d  i n  an inc rease i n  
convers ion ,  up t o  82% f o r  a 10 /1  phenol /coal  feed. However, t h e  l i q u i d  
p roduc t  c o n t a i n e d  14% by we igh t  phenol o f  which 6% was a t t a c h e d  t o  t h e  coa l  by 
o t h e r  than hydrogen-bonding i n t e r a c t i o n s .  An a d d i t i o n a l  8% was exchangeable 
w i t h  un labe led  m a t e r i a l .  

O u r  (6 )  p a s t  work w i t h  naphtho ls ,  phenol, and c r e s o l s  u s i n g  a mic ro-  
a u t o c l a v e  u n i t  i n d i c a t e d  t h a t  phenol and naphtho ls  were poor  s o l v e n t s  f o r  coa l  
l i q u e f a c t i o n  due t o  h i g h  l e v e l s  o f  adduct ion.  However, l e s s  adduct ion  was 
observed w i t h  t h e  a d d i t i o n  o f  c r e s o l s  t o  t h e  so lvents .  Therefore,  a s e r i e s  of 
r u n s  were made i n  a CSTR u n i t  t o  e v a l u a t e  t h e  e f f e c t  o f  adding phenol and 
c r e s o l s  t o  an thracene o i l  (AO) and SRC-I1 d e r i v e d  so lvents .  I n  a d d i t i o n ,  an 
"OH-reduced" s n ! ~ ~ e n t  ~4 a :o!vcnt m i x t u r e  o f  AO p l i s  OH-concentrate were 
t e s t e d .  i 

i 1 
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The c o a l  was Powhatan No. 5 Mine ( P i t t s b u r g h  No. 8 Seam) ground t o  pass 
a t  l e a s t  98% through 100 mesh screen. Analyses o f  t h e  c o a l  and s o l v e n t s  a r e  
g i v e n  i n  Table 1. 

The bench-scale l i q u e f a c t i o n  runs  were made i n  a cont inuous  f e e d  s t i r r e d -  
tank  r e a c t o r  (CSTR) system. A f l o w  diagram o f  t h e  coa l  l i q u e f a c t i o n  u n i t  i s  
shown i n  F i g u r e  1 ;  i t s  o p e r a t i o n  has been p r e v i o u s l y  descr ibed ( 7 ) .  Samples 
o f  t h e  r e a c t o r  s l u r r y  were f i r s t  s t r i p p e d  w i t h  n i t r o g e n ,  and t h e y  were t h e n  
s u b j e c t e d  t o  s e q u e n t i a l  Soxh le t  e x t r a c t i o n  u s i n g  pentane, to luene,  and 
t e t r a h y d r o f u r a n  (THF), r e s p e c t i v e l y .  F r a c t i o n s  were d e f i n e d  as f o l l o w s ,  u s i n g  
a s  a b a s i s  MAF c o a l  feed:  

w t %  o i l s  
w t X  asphal tenes 
w t %  preasphal tenes (PA) = { t o l u e n e  i n s o l u b l e ,  THF soluble/MAF c o a l  1 x 100 
w t %  THF i n s o l u b l e s  = {THF i n s o l u b l e  m a t e r i a l  /MAF c o a l  1 x 100 

RESULTS AND DISCUSSION 

= {(MAF coa l -pentane insolubles)/MAF c o a l  1 x 100 
= {pentane i n s o l u b l e ,  t o l u e n e  soluble/MAF c o a l  1 x 100 

- 
C h a r a c t e r i z a t i o n  o f  t h e  OH-Concentrate: The OH-concentrate (OH-CONC) was 

i s o l a t e d  by c o n t a c t i n g  S R C - I 1  s o l v e n t  w i t h  ac t iv ,a ted  Rohm and Haas Co. IRA-904 
r e s i n .  The OH-CONC was then f reed by washes o f  C02/methanol a c i d  and HC02H/ 
methanol f o l l o w e d  by  s o l v e n t  s t r i p p i n g .  

The hydroxy l  c o n c e n t r a t e  o f  SRC-I1 s o l v e n t  was added t o  a smal l  amount o f  
methylene c h l o r i d e  and analyzed by c a p i l l a r y  GC/MS. The g r e a t e s t  p o r t i o n  
( 5 6 % )  o f  t h e  chromatographic peaks o t h e r  t h a n  s o l v e n t  was phenol (10%) o r  
a l k y l - s u b s t i t u t e d  phenols (46%). Methy l  phenols (23%) account f o r  a p p r o x i -  
m a t e l y  h a l f  o f  t h e  a l k y l - s u b s t i t u t e d  phenols w i t h  t h e  remainder (23%) b e i n g  C2 
t o  C5  phenols. Other peaks i n c l u d e  C H 0 isomers (10%) and C H 0 isomers  
(9%) which a r e  probab ly  i n d a n o l s  and me%h:QIindanols. Hydroxybipkgn;? (1%) and 
carbazo le  (3%) were i d e n t i f i e d .  Po lynuc lear  a romat ic  hydrocarbons accounted 
f o r  1 6 %  o f  t h e  peaks. The l a r g e s t  o f  these was methylphenanthrene (4%). The 
remainder o f  t h e  peaks ( 5 % )  were smal l  and u n i d e n t i f i e d .  

The ‘H spectrum o f  t h e  OH-CONC f r a c t i o n  i s  shown i n  F i g u r e  2, and t h e  
r e s u l t s  a r e  summarized i n  Table 2. Th is  f r a c t i o n  has aromat ic ,  h y d r o x y l ,  
hydroaromat ic,  and a l k y l  s u b s t i t u e n t  f u n c t i o n a l i t y .  The a r o m a t i c  r e g i o n  spans 
f rom 6 ppm t o  8.6 ppm. These aromat ic  hydrogens represent  39.7% o f  t h e  t o t a l  
hydrogen. Even though t h e  n i t r o g e n  c o n t e n t  i s  r e l a t i v e l y  low ( l . l % ) ,  t h e  
smal l  amount o f  i n t e n s i t y  between 8.4 ppm and 8.6 ppm i n  t h e  a r o m a t i c  r e g i o n  
can be assigned t o  p r o t o n s  o r t h o  t o  t h e  n i t r o g e n  i n  p y r i d i n e - t y p e  s t r u c t u r e s .  
These pro tons  represent  l e s s  than 0.3% o f  t h e  hydrogen. There i s  a b r o a d  
resonance a t  5.4 ppm which can be assigned t o  hydroxy l  hydrogen. Th is  
accounts f o r  11.3% o f  t h e  hydrogen i n  t h e  spectrum. I n  t h e  r e g i o n  around 
3.4 ppm a r e  severa l  s m a l l e r  s i g n a l s  wh ich  can be assigned t o  methy lene b r i d g e s  
between aromat ic  r i n g s .  These methylene b r i d g e  hydrogens r e p r e s e n t  0.9% o f  
t h e  hydrogen present.  

2 
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The main t y p e  o f  a l i p h a t i c  s u b s t i t u e n t  i s  methyl  groups on aromat ic  r i n g s  
as evidenced by t h e  sharp s i g n a l s  a t  2.2, 2.5, and 2.8 ppm. These s i g n a l s  
account f o r  25.7% o f  t h e  hydrogen present.  There a r e  a l s o  some (16.7% o f  
hydrogen) l o n g - c h a i n  a l i p h a t i c  s u b s t i t u e n t s  w i t h  an average c h a i n  l e n g t h  o f  
f i v e  carbons. Combining a broad s i g n a l  a t  1.7 ppm, t o g e t h e r  w i t h  an equ iva-  
l e n t  amount o f  i n t e n s i t y  f rom t h e  s i g n a l  a t  2.8 ppm, about 5.6% o f  t h e  
hydrogen i s  hydroaromat ic .  

The 1 3 C  NMR spectrum, g i v e n  i n  F i g u r e  3, shows the  OH-CONC t o  have an 
a r o m a t i c i t y  o f  77.4%. The r a t i o  o f  a romat ic  carbons t o  h y d r o x y l - b e a r i n g  
carbons i s  8.5: l .  The r a t i o  o f  t o t a l  carbon t o  oxygen i s  10.9:1, which i s  
reasonably c o n s i s t e n t  w i t h  t h a t  o f  t h e  e lementa l  carbon-to-oxygen a n a l y s i s  o f  
12.3: l .  

The amount o f  o r t h o  s u b s t i t u t i o n  i s  de termined as t h e  d i f f e r e n c e  between 
t h e  area o f  t h e  r e g i o n  f rom 152 ppm t o  156 ppm and o n e - h a l f  o f  t he  area 
between 110 ppm and 117 ppm. The amount o f  meta s u b s t i t u t i o n  i s  determined 
from the  s i g n a l s  a t  154-155 ppm, and t h e  d i f f e r e n c e  between t h e  amount o f  
h y d r o x y l - b e a r i n g  carbon and t h e  amounts o f  o r t h o  and meta s u b s t i t u t i o n  i s  para 
s u b s t i t u t i o n .  The r e s u l t s  a r e  g iven i n  Tab le  3. 

Since t h e  observed r a t i o  o f  a romat ic  carbons t o  hydroxy l  - b e a r i n g  carbons 
i s  8.5: l  and every  molecu le  t h e o r e t i c a l l y  has an a c i d i c  hydroxy l  group, t h e  
OH-CONC c o n s i s t s  o f  a m i x t u r e  o f  one- and t w o - r i n g  systems. Because o n l y  a 
smal l  amount o f  t h e  c o n c e n t r a t e  has been i d e n t i f i e d  as naphtho ls ,  t h e  remain- 
d e r  o f  t w o - r i n g  systems shou ld  be comprised o f  s i n g l e  r i n g s  j o i n e d  by shor t  
a l k y l  br idges. There i s  evidence f o r  b o t h  methylene and e t h y l  b r i d g e s  i n  t h e  
carbon spectrum. The d i s t r i b u t i o n  i s  shown i n  Tab le  3. 

The t o t a l  a l k y l - s u b s t i t u t e d  aromat ic  carbon i s  12.8%. Th is  was determined 
by  summing t h e  methylene b r i d g e  area t imes 2, t h e  e t h y l  b r i d g e  area, one h a l f  
t h e  hydroaromat ic area, and the  methyl  groups on aromat ic  r i n g s  area. The 
t o t a l  nonprotonated a r o m a t i c  carbon i s  d i f f i c u l t  t o  determine from t h e  normal 
s p e c t r a l  r e g i o n s  due t o  t h e  presence o f  hydroxy l  groups which induce an 
u p f i e l d  s h i f t  t o  t h e  carbons o r t h o  and para t o  it. To study t h i s ,  a NORD-CDRE 
( n o i s e  of f - resonance decoupled c o n v o l u t i o n  d i f f e r e n c e  r e s o l u t i o n  enhancement) 
exper iment was run. The s i g n a l s  u p f i e l d  o f  129.5 ppm a r e  due t o  b r i d g e  
carbons i n  1- and 2-naphthols.  The t o t a l  b r i d g e  carbon i s  15.5% as determined 
from t h e  d i f f e r e n c e  between the  t o t a l  nonpro tonated  carbon and t h e  a l k y l -  
s u b s t i t u t e d  carbon p l u s  h y d r o x y l - b e a r i n g  carbon (11.8%). There fore ,  t h e  l e v e l  
o f  p r o t o n a t e d  a r o m a t i c  carbon i s  58.5% of t h e  a r o m a t i c  carbon. 

CSTR Exper iments:  The r e s u l t s  of t h e  CSTR runs a r e  summarized i n  
Tab le  4. As a n t i c i E t e d ,  S R C - I 1  d i s t i l l a t e  i s  a b e t t e r  s o l v e n t  t h a n  A0 a t  
s h o r t  r e a c t i o n  t i m e s  ( 4  m i n )  as i n d i c a t e d  by h i g h e r  o v e r a l l  coa l  convers ion ,  a 
l o w e r  l e v e l  o f  p reaspha l tenes ,  and lower  hydrogen consumption. Wi th  both 
s o l v e n t s  t h e  y i e l d s  o f  o i l s  were negat ive .  With a n  i n c r e a s e  i n  space t i m e  t o  
15-19 minutes,  o v e r a l l  convers ions  inc reased t o  about t h e  same l e v e l  (72-75%). 
I I I C  i eC6ve i ieS o i  p reaspha i tenes  were e s s e n t i a i i y  t h e  same a t  about 5%, and 
t h e  hydrogen consumptions were equal  a t  3.5 g/100 g MAF coal .  However, a 
TL- 
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s i z a b l e  n e g a t i v e  y i e l d  o f  o i l s  was observed i n  t h e  A0 r u n  a t  15 minutes.  T h i s  
was a p p a r e n t l y  due t o  a h i g h  y i e l d  o f  asphal tenes. Whi le t h i s  o b s e r v a t i o n  
appears t o  be anomalous, t h e  produc t  s l u r r y  was e x t r a c t e d  a t o t a l  o f  f i v e  
t imes w i t h  e s s e n t i a l l y  t h e  same r e s u l t s .  

The d i r e c t  a d d i t i o n  o f  phenol t o  A0 (4-min space t ime)  was d e t r i m e n t a l .  
1 Whi le % s o l v a t i o n  inc reased m a r g i n a l l y ,  t h e  y i e l d  o f  asphal tenes i n c r e a s e d  

g r e a t l y  over  t h a t  o f  t h e  r u n  w i t h  A0 alone. The produc t  s l u r r y  was a l s o  very  
s t i c k y  and d i f f i c u l t  t o  handle;  t h e r e f o r e ,  pentane may have had some 
d i f f i c u l t y  p e n e t r a t i n g  i n t o  t h e  s l u r r y  sample and t h e n  e x t r a c t i n g  t h e  o i l s .  
The Y i e l d s  o f  p reaspha l tenes  were e s s e n t i a l l y  t h e  same f o r  t h e  runs  w i t h  A0 

The a d d i t i o n  o f  OH-concentrate, recovered f rom an i o n  exchange r e s i n  
t r e a t m e n t  (Rohm and Haas IRA-904) o f  S R C - I 1  s o l v e n t ,  t o  A0 had l i t t l e  e f f e c t  

\ on t h e  d i s t r i b u t i o n  o f  products.  Cons ider ing  t h e  OH-concentrate had a 
moderate l e v e l  o f  h y d r o a r o m a t i c i t y  w h i l e  t h a t  o f  A0 was low, and t h a t  t h e  OH- 
c o n c e n t r a t e  had a l r e a d y  e f f e c t i v e l y  passed th rough a l i q u e f a c t i o n  r e a c t o r ,  t h e  
OH-concentrate may n o t  r e a c t  s u f f i c i e n t l y  w i t h  coa l  r a d i c a l s  t o  form a d d i -  
t i o n a l  asphaltenes. 

The a d d i t i o n  o f  m-cresol  appeared t o  be o f  p a r t i c u l a r  b e n e f i t  t o  t h e  A0 
runs. Th is  a d d i t i o n  r e s u l t e d  i n  an i n c r e a s e  i n  t h e  y i e l d  o f  o i l s  a l o n g  w i t h  a 
marg ina l  i n c r e a s e  i n  % s o l v a t i o n .  I n  t h e  case o f  m-cresol  a d d i t i o n  t o  SRC-I1 
s o l v e n t  a t  a 15-minute r e a c t i o n  t ime,  t h e r e  was a small  i n c r e a s e  i n  % s o l v a -  
t i o n  w i t h  nominal inc reases  i n  each o f  t h e  produc t  f r a c t i o n s .  

Due t o  a l i m i t e d  amount o f  a v a i l a b l e  feed sample, o n l y  a s i n g l e  CSTR r u n  
was made w i t h  t h e  s o l v e n t  recovered a f t e r  t r e a t m e n t  w i th  IRA-904 r e s i n .  T h i s  
s o l v e n t  con ta ined 1.9% oxygen, w h i l e  t h e  as- rece ived SRC-I1 s o l v e n t  c o n t a i n e d  
2.8% oxygen. Even t h i s  p a r t i a l  removal o f  h y d r o x y l s  appears t o  be o f  b e n e f i t ,  
as observed by an i n c r e a s e  i n  o i l  y i e l d ,  a decrease i n  asphal tenes y i e l d ,  and 
a marg ina l  inc rease i n  % s o l v a t i o n  (THF s o l u b l e s ) .  

,, 
I and A0 p l u s  phenol. 

SUMMARY 

Coal l i q u e f a c t i o n  exper iments were c a r r i e d  o u t  a t  450°C i n  a cont inuous  
f e e d  s t i r r e d - t a n k  r e a c t o r  (CSTR) t o  observe t h e  e f f e c t  o f  add ing  p h e n o l i c s  t o  
anthracene o i l  ( A O )  and S R C - I 1  r e c y c l e  so lvents .  A t  nominal space t i m e s  of 4 
and 15  minutes,  t h e  l e v e l s  o f  c o n v e r s i o n  (THF s o l u b l e s )  were s i g n i f i c a n t l y  
h i g h e r  w i t h  S R C - I 1  r e c y c l e  s o l v e n t  t h a n  w i t h  anthracene o i l .  The a d d i t i o n  o f  
phenol t o  A0 a t  a r a t i o  o f  5/65 r e s u l t e d  i n  a nominal i n c r e a s e  i n  coa l  
convers ion  t o  THF so lub les ,  b u t  t h e  amount o f  aspha l tenes  more t h a n  doubled 
r e s u l t i n g  i n  a s i z a b l e  n e t  l o s s  o f  so lvent .  The a d d i t i o n " o f  m-cresol  t o  b o t h  
A0 and S R C - I 1  s o l v e n t s  had a p o s i t i v e  e f f e c t  on coa l  convers ion  t o  b o t h  THF 
and pentane so lub les  ( o i l s ) .  The p a r t i a l  removal o f  an OH-concentrate f rom 
S R C - I 1  so lvent  was c a r r i e d  o u t  u s i n g  Amberlyst  IRA-904 i o n  exchange res in .  

l v e n t  f o r  coa l  l i q u e f a c t i o n .  A c h a r a c t e r i z a t i o n  o f  t h e  OH-concentrate by 
*'C and 'H NMR and FTIR i n d i c a t e d  a moderate l e v e l  o f  a r o m a t i c i t y  (77%), a 

I The "OH-reduced" o i l  was o n l y  m a r g i n a l l y  b e t t e r  t h a n  raw SRC-I1 r e c y c l e  
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s i z a b l e  amount o f  s h o r t - c h a i n  a l i p h a t i c  s u b s t i t u t i o n ,  and a l s o  a s i z a b l e  
amount o f  h y d r o a r o m a t i c i t y .  GC/MS c h a r a c t e r i z a t i o n  p o i n t e d  ou t  a h i g h  
c o n c e n t r a t i o n  o f  one- and t w o - r i n g  s u b s t i t u t e d  pheno l ics .  

LIST OF REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

A. P o t t  and H. Broche, U.S. Pa ten t  1,881,927. / 

M. Orchin and H. H. S torch ,  1948. S o l v a t i o n  and Hydrogenat ion o f  Coal. 
Ind. Eng. Chem., 40:1385. 

L i q u e f a c t i o n  o f  Coal i n  t h e  Presence o f  Hydrogen-Donor Solvent.  Fuel ,  
57:681. 

A. A. Awadalla and 6. E. Smith, 1982. Apparent Enhancement o f  Coal 
Conversions Using C r e s o l - T e t r a l i n  Solvents.  Fue l ,  61:631. 

J. W .  Larsen, T. L. Sams, and 6. R. Rodgers, 1981. I n t e r n a l  Rearrange- 
ment  o f  Hydrogen D u r i n g  Heat ing  o f  Coals w i t h  Phenol. Fue l ,  60:335. 

R. I .  McNeil and D. C. Cronauer. Behav io r  o f  Pheno l ics  i n  Coal L iquefac-  
t i o n :  Adduct ion  Tendency and Coal Conversion C a p a b i l i t y .  Fuel Proc. 
Tech. i n  press.  

J. S .  Abichandani, Y. T. Shah, D. C. Cronauer, and R. G. Ruberto, 1982. 
Fuel , 61 :276. 

Y. Kamiya, H. Sato, and T .  Yao, 1978. E f f e c t  o f  Pheno l ic  Compounds on < 

/ 

1 

WPC#4087A 

5 



Table 1 

Analyses of-Sol vents  a n d m  

Chemical Ana lys is  (wt%) Raw A0 -_ 
Carbon 
Hydrogen 
N i  t rogen 
Oxygen 
S u l f u r  
Ash 

91.2 
5.9 
1.0 
1.3 
0.6 - 

100.0 

Raw 
S R C - I  I OH-CONC -- ~ 

87.2 82.0 
8.7 7.8 
0.9 1.1 
2.8 8.9 
0.4 0.2 - - 

100.0 100.0 

OH 
Reduced 

88.4 
8.5 
0.9 
1.9 
0.3 

100.0 

*Powhatan No. 5 Mine ( P i t t s b u r g h  Seam) coal .  

-- Table  2 

'H NMR Ana lys is  o f  S R C - I 1  Hydroxy l  =Concentrate _____--__- 

A1 i p h a t i c  Hydrogens 

Methylene b r i d g e  
Methy l  
Hydroaromat ic 
Long a l k y l  c h a i n  (i.e., C 5 )  

T o t a l  a l i p h a t i c  

__ Hydroxy l  Hydrogens 

Aromat ic Hydrogens 

Aromat ic hydrogen o r t h o  t o  N 
Others 

Tota l  a romat ic  

T o t a l  

Coal * 
72.3 

5.1 
1.5 
7.9 
0.6 
9.7 

100.0 

0.9% 

5 .6 .  
25.6 

16.7 - 
48.7 

11.3 

0.3 
39.7 - 

40.0 

100.0% 

GR&DC, 3/22/84, 4087A-T 6 
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Table 3 

I 3 C  NMR A n a l y s i s  o f  S R C - I 1  Hydroxyl Concentrate 

A1 i p h a t i  c Carbons 

Methylene b r i d g e s  between r i n g s  
Other carbons a t o  a romat ic  r i n g s  
Methyl groups a t t a c h e d  t o  r i n g s  
Hydroaromatic carbons 
Long-chain a l k y l s  ( f r o m  H) (es t . )  1 

1.4% 
2.0 
5.7 
7.3 
6.2 - 

T o t a l  a l i p h a t i c  carbons 

Aromat ic Carbons (Ar-C) 

Or tho  methy l  groups ( t o  OH) 3.0 
Naphthols 1.0 
Unknown o r t h o  s u b s t i t u e n t s  0.9 

T o t a l  s u b s t i t u t e d  Ar-C's o r t h o  t o  OH groups 4.9 
S u b s t i t u t e d  Ar -C 's  meta t o  OH groups 9.9 

7.4 S u b s t i t u t e d  Ar -C 's  pa$a t o  OH groups - 

Hydroxy l  s u b s t i t u t e d  A r - C  

Pro tonated  A r - C  

T o t a l  

*Th is  i s  a l s o  s u b d i v i d e d  as  f o l l o w s :  

A1 k y l  - s u b s t i t u t e d  A r - C  
Aromat ic b r i d g e  carbons 

Tota l  

GR&DC, 3/22/84, ~ O W A - T  7 
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22.2* 

9.3 

45.9 

100.0 

- 

10.0 
12.2 

22.2 

- 

22.6% 



Table 4 

Summary o f  CSTR Runs w i t h  Phenolic Addit ives 

Space x Hydrogen 
T i  me Sol vat i on(') Yields(') (g/lOO 9) 

Solvent/Additive (min) (g/lOO g)  (g/lOO g) Di - 1 s Asphal tenes Preasphal tenes 

Anthracene O i  1 4.2 55.4 3.0 -7.0 29.9 19.9 
+m-Cresol 4.3 58.3 2.4 9.6 30.2 27.0 
+Phenol 4.4 58.5 2.1 -46.5 71.3 22.1 
+OH-CONC 4.1 56.7 2.5 -9.9 33.5 23.6 

Anthracene O i l  15.2 74.7 3.4 -35.5 82.9 6.7 
+m-Cresol 19.1 80.2 4.3 -2.1 55.3 3.7 

SRC-I I Solvent 4.7 61.3 1.8 -5.3 41.8 14.0 
OH-Reduced SRC-I1 4.6 63.9 2.7 2.1 34.5 17.8 

SRC-I1 Solvent 19.0 71.7 3.6 12.3 33.2 4.7 
+m-Cresol 15.0 76.6 3.6 14.5 34.9 7.5 

Notes: [:{Solvation i s  given as grams o f  tetrahydrofuran solubles/100 grams MAF coal. 
Yields are given as grams/100 grams MAF coal .  

U 
mion mmunf 

WYYI 

FIGURE 1 S C H E W T I C  OF THE BENCH-SCALE CSTR W I T  
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1 I I I I I I I I I I 
1 0  9 8 7 6 5 4 3 2 1 0 

PPM 

FIGURE 2 'H-NMR SPECTRUM OF SRC-I I DERIVED HYDROXYL-CONCENTRATE 

I I I I I I I I I 1 
160 1 2 0  8 0  4 0  0 

PPM 

FIGURE 3 13C-WR SPECTRUM OF SRC-I I DERIVED HYDROXYL-CONCENTRATE 
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INTRODUCTION 

Wyodak c o a l  O K  Kentucky 9/14 c o a l  i n  t h e  p re sence  of e i t h e r  hydrogen o r  n i t r o g e n .  
1-methylnaphtha lene  (1-MN) was employed as a p h y s i c a l  s o l v e n t .  Reac t ion  p roduc t s  
a r e  sepa ra t ed  i n t o  a t e t r ahydro fu ran  (THF)-soluble f r a c t i o n ,  a p r e a s p h a l t e n e  
f r a c t i o n ,  an a s p h a l t e n e  f r a c t i o n  and an o i l -p lus -gas -p lus  water f r a c t i o n .  

A comparison of an th racene  and phenanthrene  was made by l i q u e f y i n g  e i t h e r  

EXPERIMENTS 

r e a c t o r  t o  l i q u e f y  e i t h e r  Wyodak c o a l  OK Kentucky 9/14 c o a l  under t h e  v a r i o u s  
o p e r a t i o n  c o n d i t i o n s .  Another series of r e a c t i o n s  were performed i n  a 50 cc f l a s k  
t o  d i s s o l v e  e i t h e r  Wyodak c o a l  o r  Kentucky 9/14 c o a l  w i t h  e i t h e r  n e a t  a romat i c  
compounds such  a s  an th racene  and phenanthrene ,  o r  mix tu res  of n e a t  a romat i c s  and 
t h e i r  d ihydroa romat i c s  under t h e  a tmospher ic  p r e s s u r e .  The r e a c t i o n  product  i s  
s e p a r a t e d  by us ing  a p r e s s u r e  f i l t r a t i o n  p rocedure .  Convers ions  of a romat i c s  
i n t o  hydroaromat ics  are ana lyzed  by u s i n g  a g a s  chromatograph. Coal conve r s ions  
a r e  c a l c u l a t e d  on a mois ture-and-ash- f ree-coa l  b a s i s .  

DISCUSSION 
Both an th racene  and phenanthrene  a r e  conver ted  more i n t o  t h e i r  hydroder iva-  

t i v e s  i n  t h e  p re sence  of Kentucky 9/14 c o a l  t han  i n  t h e  p re sence  of Wyodak c o a l .  
T h i s  f a c t  may sugges t  t h a t  m i n e r a l s  i n  Kentucky 9/14 c o a l  a c t  as more a c t i v e  
c a t a l y s t s  than  m i n e r a l s  i n  Wyodak c o a l  i n  hydrogenat ing  a romat i c s  such  a s  a n t h r a -  
cene  and phenanthrene  i n  t h e  p re sence  of molecu la r  hydrogen (Tab le  1). 

Wyodak c o a l  i s  conver ted  more i n t o  an  o i l -water -gas  f r a c t i o n  i n  t h e  p re sence  
of  an th racene  than  i n  t h e  p re sence  o f  phenanthrene ,  wh i l e  producing  t h e  same 
amount of p reaspha l t ene  p l u s  a s p h a l t e n e  i n  t h e  presence  of e i t h e r  a n t h r a c e n e  o r  
phenanthrene .  The re fo re ,  an th racene  and i t s  d e r i v a t i v e s  a r e  t o  some degree  
b e t t e r  s o l v e n t s  t h a n  phenanthrene  and i t s  d e r i v a t i v e s  i n  l i q u e f y i n g  Wyodak c o a l  
(Tab le  1). 

s u r e  than  t h e  conve r s ion  of Wyodak c o a l  i n  t h e  p re sence  of  e i t h e r  a n t h r a c e n e  
O K  phenanthrene  (Table  1). This  f a c t  s u g g e s t s  t h a t  molecular  hydrogen may p l a y  
a more dominant r o l e  than  hydroaromat ics  i n  l i q u e f y i n g  Kentucky 9 /14  c o a l  O K  

t h a t  t h e  m i n e r a l s  i n  Kentucky 9/14 c o a l  a r e  a c t i v e l y  hydrogenat ing  t h e  a r o m a t i c  
s o l v e n t .  The a n a l y s i s  of  t h e  o i l  f r a c t i o n  s u g g e s t s  t h e  l a t t e r .  

The convers ion  of b o t h  an th racene  and phenanthrene  t o  d i h y d r o d e r a t i v e s  
i n c r e a s e s  a s  t h e  i n i t i a l  hydrogen p r e s s u r e  i n c r e a s e s .  The conve r s ion  o f  Wyodak 
c o a l  i n c r e a s e s  from 44 % t o  58 % and t h e  hydrogenat ion  of a n t h r a c e n e  i n c r e a s e s  
from 6 % to 1 7  % i n  t h e  p re sence  of an th racene ,  whereas t h e  conve r s ion  of  Wyodak 
c o a l  i n c r e a s e s  from 40  % t o  48 % and t h e  hydrogenat ion  of phenanthrene  does  n o t  
i n c r e a s e  by i n c r e a s i n g  t h e  i n i t i a l  hydrogen p r e s s u r e  from 500 p s i g  t o  1100 p s i g  
(Tab le  1). These  f a c t s  show t h a t  a n t h r a c e n e  i s  r e a d i l y  hydrogenated and i ts  
d e r i v a t i v e s  a r e  b e t t e r  hydrogen donors  o r  shut t1er . s  than  phenanthrene  and i ts  
d e r i v a t i v e s  i n  l i q u e f y i n g  Wyodak c o a l .  

The convers ion  of Ky 9/14 c o a l  is  42.4 % and t h e  hydrogenat ion  of a n t h r a -  
c e n e  is  4.4 % i n  t h e  p re sence  of n i t r o g e n  (Tab le  1). 
i s  38 % and no hydrogenat ion  of phenanthrene  i s  observed  i n  t h e  p re sence  of  
n i t r o g e n .  Th i s  f a c t  demons t r a t e s  t h a t  an th racene  Is more a c t i v e  t h a n  phenanthrene  

A s e r i e s  of r e a c t i o n s  were c o n d u c t e d i n a  25 c c ,  316 s t a i n l e s s  s t e e l  micro- 

The conve r s ion  of Kentucky 9/14 c o a l  is in f luenced  more by hydrogen p res -  

The conve r s ion  of Ky 9 /14  c o a l  
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i n  l i q u e f y i n g  Ky 9 / 1 4  c o a l  i n  t h e  absence  of hydrogen, by e x t r a c t i n g  hydrogen from 
c o a l  to be conver t ed  i n t o  d ihydroan th racene  and t h e n  b reak ing  down c o a l  s t r u c t u r e .  

Convers ions  o f  Ky 9 / 1 4  c o a l  and an th racene  to hydroanthracenes  a r e  7 2 . 4  % 
and 1 7 . 6  % r e s p e c t i v e l y  i n  t h e  p re sence  of 500 p s i g  hydrogen, w h i l e  conve r s ions  
of Ky 9 / 1 4  c o a l  and phenanthrene  are 7 5 . 3  % and 0 % r e s p e c t i v e l y  i n  t h e  p re sence  
of 500 p s i g  hydrogen ,  i n  s p i t e  of t h e  f a c t  t h a t  more hydrogen donor is  a v a i l a b l e  
i n  the  former c a s e  (Table  1). 
i n  t h e  p re sence  of an th racene  and 500  p s i g  hydrogen, whereas p reaspha l t ene -p lus -  
a spha l t ene  f r a c t i o n  is 4 6  % i n  t h e  p re sence  of  phenanthrene  and 500 p s i g  hydro- 
gen. T h i s  f a c t  may i n d i c a t e  t h a t  e i t h e r  s o l u b i l i t y  of Ky 9 / 1 4  c o a l  i n  phenanthrene  

Preasphaltene-plus-asphaltene f r a c t i o n  is 5 3  % 

and its d e r i v a t i v e s  is  i n h e r e n t l y  b e t t e r  t h a n  i n  an th racene  and i t s  d e r i v a t i v e s ,  / 
o r  t h a t  d ihydroan th racene  may be undergoing  e x t e n s i v e  r e t r o g r e s s i v e  r e a c t i o n  l 
w i t h  c o a l  or i t s e l f ,  p roducing  more preasphaltene-plus-asphaltene f r a c t i o n .  Th i s  
ev idence  may a l s o  s u g g e s t  t h a t  t h e  t r a n s f e r  ra te  of  l a b i l e  hydrogen from c o a l  t o  
an th racene  is much f a s t e r  t han  t h a t  of mo lecu la r  hydrogen from t h e  gaseous  phase  
t o  l i q u i d  a n t h r a c e n e  d u r i n g  t h e  v e r y  e a r l y  r e a c t i o n  s t a g e  due t o  low hydrogen 
p r e s s u r e .  

s i o n  of Wyodak c o a l  i n  t h e  p re sence  of hydrogen, a s  shown i n  Run 3 ,  Run 4 and 
Run 44 i n  Tab le  2 .  Convers ions  of c o a l  i n  t h e  p re sence  of  an th racene  and i t s  
d e r i v a t i v e  i s  c o n s i d e r a b l y  h ighe r  t han  i n  t h e  p re sence  of  e i t h e r  phenanthrene  
o r  l - M N ,  where conve r s ion  of  an th racene  is  22 .2  % as shown i n  Run 3 .  T h i s  i n d i -  
c a t e s  t h a t  a good hydrogen donor s o l v e n t  may p l a y  a ,more  dominant role t h a n  
molecular  hydrogen i n  l i q u e f y i n g  Wyodak c o a l  and t h a t  t h e  s o l v e n t  power of 1-MN 
i s  b e t t e r  t han  t h a t  of phenanthrene  i n  t h e  p re sence  of hydrogen f o r  t h e  l i q u e -  
f a c t i o n  of Wyodak c o a l .  

Another series of r u n s  were conducted to de te rmine  s o l v e n t  q u a l i t y  on t h e  
l i q u e f a c t i o n  of Wyodak c o a l  i n  t h e  p re sence  of  n i t r o g e n  as shown i n  Run 4 5 ,  
Run 48 and Run 4 9  in Tab le  2 .  
presence  of phenanthrene  than  i n  t h e  p re sence  of an th racene  i n  t h e  absence  of 
hydrogen. 
v e n t  t han  a n t h r a c e n e  i n  t h e  absence  of hydrogen i n  t h e  l i q u e f a c t i o n  of Wyodak 
c o a l ,  s u g g e s t i n g  that  i t  is  t h e  ease of hydrogenat ion  of  an th racene  and t h e  
e x c e l l e n t  H-donor behav io r  of i t s  h y d r o d e r i v a t i v e s  t h a t  makes a n t h r a c e n e  a good 
so lven t  i n  t h e  p re sence  of  hydrogen. 

phenanthrene  a t  t h e  r e a c t i o n  t empera tu re  of  b o t h  350 'C and 425  'C .  Phenan- 
t h r e n e  is not hydrogenated  at 350 O C  o r  4 2 5  " C ,  b u t  hydrogenat ions  of a n t h r a c e n e  
are 2.6 % a t 3 5 0  "C and 4 .4  % a t  425 O C  (Tab le  2 ) .  The d i f f e r e n c e  i n  c o a l  
conve r s ion  between a n t h r a c e n e  and phenanthrene  i s  less s i g n i f i c a n t  a t  lower  
r e a c t i o n  t empera tu re .  
t o  a n t h r a c e n e  i s  t r a n s f e r r e d  a t  t h e  lower  t empera tu re  and t h e  i n h e r e n t  s o l v e n t  
power of t h e  v e h i c l e  used i s  impor t an t .  

m a t i c  compounds o r  m i x t u r e s  of n e a t  a romat i c  compounds and t h e i r  h y d r o d e r i v a t i v e s  
a t  t h e i r  b o i l i n g  t empera tu re  under  t h e  a tmosphe r i c  environment (Tab le  3 ) .  
Conversion of  Wyodak c o a l  i n  the p resence  of  phenanthrene  is h ighe r  than  i n  t h e  
presence  of a n t h r a c e n e ,  where no hydrogenat ion  of  b o t h  an th racene  and phenanthrene  
w a s  observed .  T h i s  f a c t  shows t h a t  t h e  s o l u b i l i t y  of  Wyodak c o a l  i n  phenanthrene  
i s  h ighe r  t h a n  i n  a n t h r a c e n e  under  t h e  a tmosphe r i c  environment and i n  t h e  absence  
of o t h e r  s o l v e n t s .  

p resence  of a n t h r a c e n e ,  where hydrogena t ion  of b o t h  phenanthrene  and an th racene  
w a s  not observed  a s  shown i n  Run 1 9  and Run 22 i n  Table  3 .  On t h e  o t h e r  hand, 
t h e  conve r s ion  of Ky 9 / 1 4  c o a l  i n  t h e  p re sence  of  phenanthrene  i s  lower than  i n  
t h e  p re sence  of a n t h r a n c e  at 3 5 0  "C under  2000 p s i g  n i t r o g e n  p r e s s u r e ,  a s  shown 
i n  Run 40 and Run 4 1  i n  Tab le  2 .  
does  not  r e a c t  w i t h  an th racene  o r  e s c a p e s  i n t o  t h e  a tmosphere  b e f o r e  r e a c t i n g  
w i t h  an th racene  due  to t h e  low p r e s s u r e ,  whereas l a b i l e  hydrogen r e a c t s  w i t h  

A series of  r u n s  were c a r r i e d  o u t  t o  unde r s t and  s o l v e n t  q u a l i t y  on conver- 

I 

Conversion of  Wyodak c o a l  i s  h ighe r  i n  t h e  

T h i s  f a c t  may demons t r a t e  t h a t  phenanthrene  i s  a b e t t e r  p h y s i c a l  sol-  

Conversion of c o a l  i n  t h e  presence  of an th racene  is h ighe r  than  t h a t  of 

This f a c t  s u g g e s t s  t h a t  less l a b i l e  hydrogen from c o a l  

A series of  expe r imen t s  were c a r r i e d  o u t  by l i q u e f y i n g  c o a l  w i t h  n e a t  a ro-  

Cnnversicr? nf Ky 9!14 i3 the p r e s e z c e  of p h c n a n ~ l ~ ~ r l ~ e  is h i g h e r  Khan i n  che 

This  f a c t  s u g g e s t s  t h a t  e i t h e r  l a b i l e  hydrogen 
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an th racene  a t  h igh  p r e s s u r e .  The conve r s ion  of Ky 9/14 c o a l  i n  t h e  p re sence  of  a mix- 
t u r e  of  phenanthrene  and d ihydrophenanthrene  is h ighe r  than  i n  t h e  p re sence  of  a 
mix tu re  of  an th racene  and d ihydroan th racene ,  and t h e  conve r s ion  of d ihydrophenanthrene  
i s  h ighe r  than  t h a t  of d ihydroan th racene ,  a s  shown i n  Run 23 and Run 24 i n  Tab le  3. 
On t h e  o t h e r  hand, t h e  e f f e c t  of d ihydroan th racene  on t h e  increment  of c o a l  conve r s ion ,  
a s  shown i n  Run 1 9  and Run 23 i n  Table  3 is h i g h e r  t h a n  t h e  e f f e c t  of dihydrophen- 
an th rene  on t h e  increment of c o a l  conve r s ion ,  a s  shown i n  Run 2 2  and Run 24 i n  Tab le  3. 
This  f a c t  aga in  s u g g e s t s  t h a t  d ihydroan th racene  i s  a b e t t e r  hydrogen donor  s o l v e n t  
t han  d ihydrophenanthrene .  Neat an th racene  i s  a poorer  s o l v e n t  t han  n e a t  phenanthrene  
(about  113) f o r  b o t h  Wyodak c o a l  and Ky 9/14 c o a l  a t  330 O C .  But when 20 % of t h e  
dihydrocompound i s  p r e s e n t ,  t h e  an th racene  compound mix tu re  i s  a b e t t e r  s o l v e n t  t h a n  
t h e  phenanthrene  mix tu re .  With Ky 9/14 c o a l ,  t h e  phenanthrene  is t h e  b e s t  s o l v e n t ,  

\ 
I 

' n e a t  and i n  t h e  p re sence  of t h e  dihydrocompound. 
The d i sappea rance  of  t h e  dihydrocompounds is  i n  agreement w i t h  t h e  l i q u e f a c t i o n  of  

c o a l .  
whereas i n  t h e  p re sence  of Wyodak c o a l ,  d ihydroan th racene  is  l o s t  most r a p i d l y  (Tab le  3 ) .  

A series of r e a c t i o n s  were performed i n  t h e  p re sence  of n e a t  a romat i c  compounds 
and 1100 p s i g  n i t r o g e n  ( i n i t i a l )  a s  shown i n  Tab le  4 .  The conve r s ions  of  Ky 9/14 

, c o a l  are 32 % i n  t h e  p re sence  of an th racene  and 5 1  % i n  t h e  p re sence  of phenanthrene  
whereas  t h e  conve r s ions  of Wyodak c o a l  are  33  % i n  t h e  p re sence  of  a n t h r a c e n e  and 43  % 
i n  t h e  p re sence  of phenanthrene .  These d a t a  a l s o  show t h a t  n e a t  phenanthrene  i s  a 
b e t t e r  p h y s i c a l  s o l v e n t  t han  n e a t  an th racene  i n  l i q u e f y i n g  b o t h  Wyodak c o a l  and Ky 9/14 
c o a l  i n  t h e  absence  of hydrogen. 

I n  t h e  p re sence  of  Ky 9/14 c o a l ,  d ihydrophenanthrene  i s  l o s t  most r a p i d l y ,  

Another series of r u n s  w i t h  Ky 9/14 c o a l  were compared i n  t h e  absence  of hydrogen 
I i n  te rms  of i n i t i a l  n i t r o g e n  p r e s s u r e ,  as shown i n  Tab le  1. The conve r s ions  of  Ky 9/14 

c o a l  are 42 % i n  terms of t h e  THF s o l u b l e  f r a c t i o n  and 29 % i n  terms of  t h e  p reaspha l -  \ 

t ene-p lus-asphal tene  f r a c t i o n  a t  t h e  1100 p s i g  i n i t i a l  n i t r o g e n  p r e s s u r e ,  whereas  t h e  
conve r s ions  of Ky 9/14 c o a l  are 39 % and 24 % r e s p e c t i v e l y  a t  t h e  z e r o  p s i g  i n i t i a l  
n i t r o g e n .  The c l o s e n e s s  of t h e  v a l u e s  f o r  d ihydroan th racene  formed s u g g e s t s  t h a t  t h e  
conve r s ion  and product  d i s t r i b u t i o n  would a l s o  be  s imi la r .  The on ly  f i r m  c o n c l u s i o n  
i s  t h a t  p r e s s u r e  h e l p s  t o t a l  l i q u e f a c t i o n  and seems t o  h i n t  o i l -wa te r -gas  fo rma t ion .  
Anthracene  i s  a b e t t e r  s o l v e n t  t h a n  phenanthrene  under t h e s e  c o n d i t i o n s .  

\ CONCLUSIONS 
The r e l a t i v e  behavior  of phenanthrene  and an th racene  depends on whether  t h e  

s o l v e n t s  a r e  compared n e a t  o r  i n  t h e  p re sence  of o t h e r  s o l v e n t s ,  upon t h e  gaseous  
environment,  and upon t h e  c o a l .  When an th racene  i s  t h e  b e t t e r  s o l v e n t ,  c o n d i t i o n s  
appea r  t o  f avor  t h e  fo rma t ion  of  d ihydroan th racene  which i s  an  e x c e l l e n t  hydrogen 
donor .  When phenanthrene  i s  t h e  b e t t e r  s o l v e n t ,  t h e  i n h e r e n t l y  b e t t e r  s o l v e n t  power 
of phenanthrene  i t s e l f  f o r  t h a t  c o a l  a p p e a r s  t o  be  t h e  dominant f a c t o r .  The m i n e r a l s  
i n  t h e  c o a l ,  and p o s s i b l y  t h e  c o a l  i t s e l f ,  are a l s o  impor t an t  i n  de t e rmin ing  t h e  pre-  
f e r r e d  s o l v e n t .  
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T a b l e  4 - E f f e c t s  of Neat Aromatic  Compounds a t  425 'C 
and  15  min. on Coal Conversion in t h e  P resence  
of 1100 p s i g  Ni t rogen  a t  t h e  Room Temperature  

and i n  t h e  Absence of 1-Methylnaphthalene 

RUN NO. 

Type of Coal (1 g)  

Wyodak 
Ky 9/14 

50 

- 
+ 

5 g Aromatics 

An th racene  + 
Phenan th rene  - 

Coal  Conver s ion  ( w t  %) 
THF S o l u b l e  32.4 
P r e a s p h a l t e n e  10.8 
Aspha l t ene  8.8 
P r e a s p h a l t e n e  p l u s  

a s p h a l t e n e  19.6 
O i l ,  Water and Gas 12.8 

Conver s ion  of 
Aromatic  (wt %) 

Conver s ion  t o  

Unconverted 
Dihydroa romat i c  0 

Aromatic 1 0 0  

51 

- 
+ 

- 
+ 

51 .3  
11.1 
1 4 . 0  

25.1 
26 .1  

0 

100 
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52 

+ 
- 

+ 
- 

33 .1  
10.8 

6.7 

17 .5  
15.7 

53 

+ 

+ 

42.6 
0.5 

1 4 . 1  

14.5 
28.1 

2.7 0 

97.3 100 



I 

I 
h 

THE EFFECT OF SHORT REACTION T I M E  ON THE 
LIQUEFACTION OF AN AUSTRALIAN BROWN COAL 

A A and R.S. Yost M.G. StrachanA, N.R. FosterB, R.B. Johns 

A. Departments o f  Organic Chemistry and Chemical Engineer ing,  U n i v e r s i t y  of 
Melbourne, P a r k v i l l e ,  V i c t o r i a ,  A u s t r a l i a  3052. 

B. C.S.I.R.O. D i v i s i o n  o f  Foss i l  Fuels, N o r t h  Ryde, N.S.W., A u s t r a l i a  2113. 

INTRODUCTION 
Shor t  React ion Time (SRT) l i q u e f a c t i o n  has a t t r a c t e d  much research  i n  r e c e n t  

years (1-11). The process, which i n v o l v e s  d i s s o l u t i o n  o f  coal  i n  a donor s o l v e n t  
d u r i n g  a s h o r t  t ime domain, has many advantages over  convent iona l  l o n g e r  r e a c t i o n  
t i m e  systems. 
u t i l i z i n g  i n s t e a d  t h e  i n h e r e n t  hydrogen i n  t h e  coa l  v i a  s h u t t l i n g  and aromat ic  
t r a n s f e r  mechanisms (1,2). The design and mathematical  m o d e l l i n g  o f  con t inuous  
r e a c t o r s  i s  a l s o  f a c i l i t a t e d  by the  knowledge o f  t h e  behaviour o f  t h e  coa l  a t  
s h o r t  residence t imes. 
two-stage l i q u e f a c t i o n  systems based on t h i s  new technology, t h u s  e n a b l i n g  t h e  
decoupl i n g  o f  thermal f rom c a t a l y t i c  processes. P r e l i m i n a r y  research  on  SRT 
systems has shown t h e i r  p o t e n t i a l  t o  g i v e  s i g n i f i c a n t l y  lower  gas and h i g h e r  
l i q u i d  y i e l d s ,  hence e n a b l i n g  more e f f i c i e n t  u t i l i z a t i o n  o f  hydrogen i n  t h e  
l i q u e f a c t i o n  process. 

The m a j o r i t y  o f  t h e  research has i n v o l v e d  US bi tuminous coa ls ,  w i t h  
Whitehurst  ( 3 )  r e p o r t i n g  t h a t  optimum o i l  y i e l d s  a r e  ach ieved w i t h  c o a l s  i n  t h e  
77-87% CMAF range. He pos tu la ted  t h e  observed lower  y i e l d s  f o r  t h e  lower  rank  
c o a l s  were a consequence o f  t h e  i n s o l u b i l i t y  o f  t h e  i n i t i a l l y  formed fragments i n  
t h e  donor s o l v e n t  due t o  t h e i r  more p o l a r  n a t u r e .  
suggested t h e  l a c k  o f  r a p i d  d i s s o l u t i o n  i s  a f u n c t i o n  o f  these coa ls  hav ing  more 
a l i c y c l i c ,  r a t h e r  than hydroaromat ic and aromat ic  systems, and hence a r e  l e s s  
capable o f  i n t e r n a l  hydrogen donat ion.  

The l i q u e f a c t i o n  o f  an A u s t r a l i a n  bi tuminous c o a l ,  L i d d e l l ,  a t  SRT 
c o n d i t i o n s  has r e c e n t l y  been r e p o r t e d  (9,10,11). The au thors  observed t r e n d s  
s i m i l a r  t o  those found f o r  US bi tuminous coa ls ,  w i t h  s i g n i f i c a n t  convers ion  
o c c u r r i n g  w i t h i n  t h e  f i r s t  few minutes o f  r e a c t i o n .  To determine whether 
A u s t r a l i a n  low rank  c o a l s  d i s p l a y  s i m i l a r  SRT behaviour t o  t h e i r  US c o u n t e r p a r t s  
a V i c t o r i a n  brown coa l  has been i n v e s t i g a t e d .  Th is  paper r e p o r t s  t h e  r e s u l t s  o f  
t h e  study; emphasizing conversion, o i l  y i e l d s  and produc t  analyses. 

The coal  used f o r  t h i s  study was a medium-l ight  l i t h o t y p e  V i c t o r i a n  brown 
coa l  from t h e  Loy Yang F i e l d  (bore 1277, depth  67-68 m ) .  
( p a r t i c l e  s i z e  range: 
a t  temperature.  The SRT r e a c t o r  and d e t a i l s  o f  i t s  o p e r a t i o n  are  descr ibed 
elsewhere ( 1 0 , l l ) .  The r e a c t i o n  temperature was 380°C, the  s o l v e n t  t o  coa l  r a t i o  
6:1, and t h e  hydrogen pressure a f t e r  i n j e c t i o n  t y p i c a l l y  2100-2350 p s i g .  
r e a c t i o n  t imes i n v e s t i g a t e d  were: 

gated and c h a r a c t e r i z e d  by a v a r i e t y  o f  a n a l y t i c a l  and spec t roscop ic  methods. 
Th is  has enabled bo th  phys ica l  and chemical i n s i g h t s  i n t o  t h e  r e a c t i o n s  o c c u r r i n g  
dirrino the i n i t i a l  and subseouent d i s s o l u t i o n  o f  t h e  brown c o a l .  

These i n c l u d e  t h e  consumption o f  n e g l i g i b l e  gaseous hydrogen, 

The r a p i d i t y  o f  t h e  process has l e d  t o  t h e  development o f  

Other workers (12)  have 

The d r i e d  c o a l  
90-150 pm) was i n j e c t e d  i n t o  t h e  donor so lvent ,  t e t r a l i n ,  

The 
0,2,3,4,10,20,45 and 120 minutes .  

The Tota l  O i l s  ( d e f i n e d  as CH2C12 s o l u b l e s )  and res idues  have been i n v e s t i -  

' 1  - - -_  
RESULTS AND DISCUSSION 

The product d i s t r i b u t i o n  data (Table 1 )  shows b o t h  the  convers ion  and o i l  
y i e l d s  t o '  inc rease w i t h  r e a c t i o n  t ime.  
t ime, which i s  assoc ia ted  m a i n l y  w i t h  gas p r o d u c t i o n  as r e f l e c t e d  i n  t h e  v e r y  
h i g h  g a s / o i l  y i e l d  r a t i o .  
overwhelmingly carbon ox ides  w i t h  o n l y  a minor  p o r t i o n  o f  hydrocarbon gases. 
S i m i l a r  gas composi t ions a r e  observed a t  t h e  o t h e r  r e a c t i o n  t imes w i t h  o n l y  t h e  
a b s o l u t e  amounts o f  t h e  gases vary ing .  
y i e l d s  w i t h  r e a c t i o n  t ime. 
a l l  r e a c t i o n  t imes, t h e  hydrocarbon gases do n o t  become s i g n i f i c a n t  u n t i l  20 
minu tes  of r e a c t i o n  t ime.  P r i o r  t o  t h i s  t h e y  are  o n l y  i n  t r a c e  amounts. The 
zero t ime conversion suggests t h a t  c o n t a c t  o f  the  d r i e d  coal  w i t h  t h e  h o t  
s o l v e n t  f o r  o n l y  a few seconds i s  s u f f i c i e n t  t o  promote decarboxy la t ion ,  

S u r p r i s i n g l y ,  t h e r e  i s  convers ion  a t  zero  

Gas analyses however show i t s  compos i t ion  t o  be 

The general  t r e n d  i s  t o  i n c r e a s i n g  gas 
Al though C02 and CO dominate t h e  gas p r o d u c t i o n  a t  
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decarbony la t i on  and t o  a much l e s s e r  ex ten t  d e a l k y l a t i o n  reac t i ons .  
y i e l d  a t  zero t i m e  may p o s s i b l y  a r i s e  from t h e  e a s i l y  e x t r a c t a b l e ,  non -cova len t l y  
bonded m a t e r i a l  i n  t h e  coal  m a t r i x  a s  3.47% o f  t he  coa l  i s  s o l v e n t  e x t r a c t a b l e  
(14) .  Decomposit ion and d i s s o l u t i o n  o f  t he  coa l  s t r u c t u r e  i s  s i g n i f i c a n t  even 
a t  3 minutes w i t h  convers ions o f  g r e a t e r  than 20%. 

The data i n d i c a t e  the  ex i s tence  o f  t w o  d i s t i n c t  r e a c t i o n  t ime zones; t he  
f i r s t  be ing p r i o r  t o  10 minutes and t h e  second from t h i s  t ime. 
minutes o f  r e a c t i o n  t h e r e  i s  much g a s i f i c a t i o n  as d e f u n c t i o n a l i z a t i o n  reac t i ons  
of  t h e  coa l  m a t r i x  occur .  T h i s  i s  markedly  i l l u s t r a t e d  by bo th  the  gas y i e l d s  
and g a s / o i l  y i e l d  r a t i o s .  The amount o f  water p r o d u c t i o n  i s  r e l a t i v e l y  cons tan t  
i n d i c a t i n g  t h e  major  r e a c t i o n  processes a re  r u p t u r e  o f  t h e  weaker bonds i n  the  
coal s t r u c t u r e  r a t h e r  than dehydroxy la t i on  and upgrading o f  s o l u b i l i z e d  species.  
However, i n  t h e  second t ime  zone gas p roduc t i on  remains constant ,  w i t h  the  gas/ 
o i l  y i e l d  r a t i o  a c t u a l l y  decreas ing,  suggest ing t h a t  g a s i f i c a t i o n  i s  now ma in l y  
dependent on the  removal o f  a l k y l  s u b s t i t u e n t s  r a t h e r  than  carboxy l  and carbonyl  
f u n c t i o n a l  groups. These have been predominant ly  removed w i t h i n  the f i r s t  few 
minutes o f  r e a c t i o n .  The water  y i e l d  increases s i g n i f i c a n t l y  as does the H O/ 
o i l  y i e l d  r a t i o  i n d i c a t i n g  t h e  removal o f  hydroxy l  mo ie t i es .  These may a r i &  
e i t h e r  from d e h y d r o x y l a t i o n  o f  the coa l  m a t r i x  t o  a i d  i t s  d i s s o l u t i o n  o r  from 
the  upgrading o f  t he  a l ready  s o l u b i l i z e d  fragments. 

separate r e a c t i o n  pe r iods .  As expected, l i t t l e  hydrogen i s  consumed d u r i n g  t h e  
i n i t i a l  s tages o f  d i s s o l u t i o n ,  where the removal o f  carboxy l  and carbonyl  groups, 
v i a  g a s i f i c a t i o n ,  i s  dominant. This low hydrogen consumption may be a d i r e c t  
r e s u l t  o f  t he  coa l  u t i l i z i n g  i t s  i n h e r e n t  hydrogen by s h u t t l i n g  type mechanisms. 
Although consumption does increase w i t h  t ime,  i t  i s  much g rea te r  d u r i n g  the  
l a t t e r  r e a c t i o n  p e r i o d .  
produced by b o t h  cleavage and more v igo rous  d e f u n c t i o n a l i z a t i o n  o f  t h e  coal  
m a t r i x  . 
f o r  t h e  same coal  hydrogenated under convent ional  batch autoc lave c o n d i t i o n s  
(56% c f .  60%), a l though  t h e  o i l  y i e l d s  d i f f e r  markedly (25% c f .  46%). 
d i f f e r e n c e  i s  d i f f i c u l t  t o  r a t i o n a l i z e  and r e s u l t s  from t h e  much h ighe r  water 
and gas y i e l d s  f o r  t h e  SRT exper iment .  
are l ower  than those r e p o r t e d  f o r  L i d d e l l  coal  under s i m i l a r  c o n d i t i o n s .  The 
p a r a l l e l  between i n c r e a s i n g  water  p roduc t i on  and o i l  y i e l d  tends t o  g i v e  
credence t o  W h i t e h u r s t ' s  hypothes is  t h a t  the l ower  o i l  y i e l d s  a t  s h o r t  t imes f o r  
low rank coa ls  a r e  due t o  the  i n s o l u b i l i t y  o f  t he  v e r y  p o l a r  i n i t i a l l y  formed 
fragments. 

and decreas ing oxygen con ten ts  w i t h  i n c r e a s i n g  r e a c t i o n  t ime.  The removal o f  
heteroatom m o i e t i e s  i s  f u r t h e r  evidenced by t h e  O/C r a t i o s  which s i m i l a r l y  
decrease. The H/C r a t i o s  however decrease o n l y  s l i g h t l y  w i t h  t ime suggest ing 
t h e  d i f f i c u l t y  o f  d e a l k y l a t i o n  r e a c t i o n s  and hence t h e  r e l a t i v e  p rese rva t i on  o f  
hydrogen i n  t h e  res idues .  The s i m i l a r  H/C va lues f o r  t he  va r ious  r e a c t i o n  t imes 
i n d i c a t e  the res idues  a re  m a i n l y  the  r e s u l t  o f  l o s s  o f  p e r i p h e r a l  heteroatom 
f u n c t i o n a l i t i e s  and n o t  s u b j e c t  t o  gross s t r u c t u r a l  a l t e r a t i o n  such as forming 
polycondensed aromat ic  systems. I f  t h i s  were the case i t  would be r e f l e c t e d  i n  
a s i g n i f i c a n t  l o w e r i n g  o f  H /C  values w i t h  t ime.  The H/C r a t i o  f o r  t h e  zero t ime 
res idue  i s  l ower  than f o r  the parent  coal  con f i rm ing  the instantaneous 
g a s i f i c a t i o n  and e x t r a c t i o n  o f  non-bound m a t e r i a l .  The genera l  t rends  i n  the 
Tota l  O i l s  a r e  a l s o  decreas ing oxygen and inc reas ing  carbon con ten ts  w i t h  t ime. 
This  c o r r e l a t e s  w i t h  i n c r e a s i n g  H/C and decreas ing O / C  r a t i o s ,  showing a l o s s  
of  heteroatom f u n c t i o n a l i t y  and a l o w e r i n g  o f  the condensed n a t u r e  (16)  o f  the 
o i l s  w i t h  t ime.  Again the  da ta  can be d i v i d e d  i n t o  two reg ions  centered n n  l n  
minutes, as demonstrated by t h e  much l o w e r  H/C  and O / C  r a t i o s  a f t e r  t h i s  t ime 
compared t o  those p r i o r .  
l i q u e f a c t i o n  processes. 

t a t i v e l y  suppor t  t h e  forement ioned data.  
m a r g i n a l l y  i n  the f i r s t  few minutes o f  r e a c t i o n  b u t  more markedly a t  l onger  
t imes. 

The o i l  

I n  t h e  f i r s t  few 

Donor s o l v e n t  hydrogen consumption data a l s o  suppor ts  t h e  concept o f  two 

The hydrogen i s  r e q u i r e d  t o  s t a b i l i z e  r a d i c a l  species 

The convers ion va lue  f o r  120 minutes i s  v e r y  s i m i l a r  t o  t h a t  repo r ted  (15)  

This  

The Loy Yang convers ions and o i l  y i e l d s  

The e lementa l  analyses o f  t he  res idues  (Table 2 )  shows i n c r e a s i n g  carbon 

This  f u r t h e r  i m p l i e s  t h e  t ime  dependency o f  d i f f e r e n t  

The I R  Spect ra ( F i g .  1) o f  the res idues  bo th  q u a l i t a t i v e l y  and semiquant i -  
The hydroxy l  abso rp t i on  decreases o n l y  

S i m i l a r l y  t h e  carbonyl Th is  corresponds w i t h  t h e  observed water y i e l d s .  
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a b s o r p t i o n  decreases r a p i d l y  w i t h  t i m e  and c o r r e l a t e s  w i t h  the  p r o d u c t i o n  o f  
carbon oxides. 
between t h e  l o s s  o f  oxygen and t h e  f o r m a t i o n  o f  carbon d i o x i d e  and carbon 
monoxide. There i s  a l s o  p r o p o r t i o n a t e  inc reases  i n  aromat ic C=C s t r e t c h i n g  and 
C-H bending w i t h  t ime,  suggest ing  t h e  res idues  a r e  a c q u i r i n g  g r e a t e r  a romat ic  
c h a r a c t e r .  The p r o p o r t i o n  o f  a l i p h a t i c  C-H s t r e t c h i n g  and bending v i b r a t i o n s  
s l i g h t l y  increase w i t h  t ime p a r a l l e l i n g  t h e  l o s s  o f  heteroatom f u n c t i o n a l i t y .  
Th is  f u r t h e r  i l l u s t r a t e s  t h e  r e l a t i v e  i n e r t n e s s  o f  a l k y l  compared t o  heteroatom 
f u n c t i o n a l i t i e s ,  and 

t h e  hydroxy l  absorp t ions  a l though be ing  p r o p o r t i o n a t e l y  l a r g e r  (approx. 16%) 
v a r y i n g  l i t t l e  w i t h  t ime.  Th is  i m p l i e s  t h a t  t h e  forementioned increased water 
p r o d u c t i o n  i s  more l i k e l y  a r e s u l t  o f  c leavage and d i s s o l u t i o n  o f  t h e  m a t r i x  
r a t h e r  than upgrading o f  t h e  a l r e a d y  s o l u b i l i z e d  species.  There i s  a general  
decrease i n  the  carbonyl  absorp t ions  w i t h  t ime,  w h i l e  the  converse i s  observed 
f o r  t h e  a l i p h a t i c  C-H s t r e t c h i n g s .  The aromat ic  C-H bending, a l though a l a r g e  
percentage a t  2 minutes (approx.  15%) decreases r a p i d l y  t o  a cons tan t  v a l u e  
(approx. 8%)  from 4 minutes onwards. 
i n c r e a s i n g  aromat ic C=C and a l i p h a t i c  C-H s t r e t c h i n g s .  

r e a c t i v i t y  o f  t h e  coal  a t  SRT. The a r o m a t i c i t y ,  f ( a ) ,  increases d r a m a t i c a l l y  
a f t e r  o n l y  2 minutes r e a c t i o n  f rom 0.61 i n  t h e  p a r e n t  coa l  t o  0.78 i n  t h e  
res idue.  Even a t  zero t i m e  f ( a )  i s  0.63, r e f l e c t i n g  the  l o s s  o f  carboxy l  and 
carbonyl  groups as gases. The f ( a )  values inc rease o n l y  m a r g i n a l l y  f rom 0.78 
t o  0.83 w i t h  t ime,  s u p p o r t i n g  e a r l i e r  conc lus ions  from elemental  analyses t h a t  
a l l  the  residues have s i m i l a r  a romat ic  s t r u c t u r e ,  d i f f e r i n g  m a i n l y  i n  degree o f  
f u n c t i o n a l i t y .  

(Tab le  3 )  g ive  a d d i t i o n a l  i n f o r m a t i o n  on t h e  n a t u r e  o f  t h e  TO. The percentage 
o f  exchangeable protons [H(exch)] inc reases  w i t h  t ime,  showing an i n c r e a s i n g  
p r o p o r t i o n  o f  pheno l ic  groups i n  t h e  o i l s .  Th is  t r e n d  was not as  e v i d e n t  from 
I R  da ta .  The values f o r  H(exch) f u r t h e r  suggest two r e a c t i o n  t i m e  zones as 
they  c l u s t e r  i n t o  two d i s c r e t e  groups. Al though t h e r e  a r e  no d i s c e r n a b l e  t rends  
w i t h  the  percentage o f  a romat ic  p ro tons  (H ,.). t h e  percentage o f  pro tons  on  
carbons 6 and f u r t h e r  f rom aromat ic  r i n g s  THO)  tend t o  inc rease w i t h  t i m e .  Th is  
i s  a l s o  shown i n  t h e  values f o r  t h e  average c h a i n  l e n g t h  ( n ) .  The o i l  produced 
a t  zero t ime has bo th  t h e  g r e a t e s t  p r o p o r t i o n  o f  Ho and the  l a r g e s t  va lue  o f  n, 
suggest ing i t  i s  o n l y  t h e  s o l v e n t  e x t r a c t a b l e  m a t e r i a l  f rom t h e  c o a l .  S o l v e n t  
e x t r a c t s  o f  a V i c t o r i a n  brown coa l  o f  t h e  same l i t h o t y p e  have been observed t o  
c o n t a i n  a s i g n i f i c a n t  amount o f  s t r a i g h t  c h a i n  m a t e r i a l ,  e i t h e r  a s  a lkanes ,  
a l c o h o l s  o r  f a t t y  a c i d s  (17) .  
10 minutes and increases  t o  120 minutes;  i n d i c a t i n g  more complete decomposi t ion 
o f  t h e  coal  i n  t h i s  l o n g e r  t i m e  domain. 
f rom cleavage o f  a l i c y c l i c  systems. The a r o m a t i c i t y ,  f ( a ) ,  and degree o f  
a romat ic  s u b s t i t u t i o n ,  o, g e n e r a l l y  decrease w i th  i n c r e a s i n g  r e a c t i o n  t i m e .  The 
t r e n d s  f o r  the  parameter &Fi.e., t h e  degree o f  condensation, a re  n o t  as 
c l e a r l y  def ined, b u t  i t  appears t o  inc rease w i t h  t ime i m p l y i n g  smal le r  s i z e  
aromat ic  systems. The decrease i n  a r o m a t i c i t y  and s u b s t i t u t i o n  o f  t h e  o i l  
i m p l i e s  t h a t  e i t h e r  some upgrad ing  o f  t h e  i n i t i a l l y  s o l u b i l i z e d  m a t e r i a l  has 
occur red  o r  t h e  l a t e r  d i s s o l v e d  m a t e r i a l  was more d e f u n c t i o n a l i z e d  p r i o r  t o  
d i s s o l u t i o n .  

The Molecular Weights (MW) o f  t h e  T o t a l  O i l  (Table 3 )  a re  a l l  s i m i l a r  w i t h  
the  number average MW ( M n )  v a r y i n g  from 210-320 w i t h  no r e a d i l y  i d e n t i f i a b l e  
t r e n d  w i t h  t ime.  The values o f  M n  a re  low compared t o  t h a t  r e p o r t e d  f o r  an o i l  
produced from t h e  same coa l  under normal ba tch  au toc lave  c o n d i t i o n s  (Mn = 487). 
The weight average MW (Mi )  and MW d i s t r i b u t i o n  (MWD) a l s o  show no apparent  
t rends .  These observa t ions  a r e  most l i k e l y  a d i r e c t  consequence o f  t h e  
i n s o l u b i l i t y  o f  a l a r g e  p o r t i o n  o f  t h e  o i l s  i n  t h e  s o l v e n t ,  THF, used f o r  MW 
de terminat ion .  
O i l  have been s e l e c t i v e l y  d i s s o l v e d .  T h i s  i n s o l u b i l i t y  may be i t s e l f  i n d i c a t i v e  
o f  t h e  h i g h  MW o f  these Tota l  O i l s .  

pyrolysis-Gas Chromatography o f  t h e  res idues  ( F i g .  4 )  r e v e a l s  a m a j o r  

Whitehurst  ( 3 )  has observed f o r  l o w  rank coals a good c o r r e l a t i o n  

suppor ts  t h e  forement ioned gas composi t ion data.  
The trends a r e  n o t  a s  w e l l  d e f i n e d  f o r  t h e  T o t a l  O i l  (TO)  ( F i g .  2 ) ,  w i th  

T h i s  i s  g e n e r a l l y  a t  the  expense o f  

CP-MAS 1 3 C  nmr o f  t h e  res idues  ( F i g .  3 )  f u r t h e r  i l l u s t r a t e s  the  s i g n i f i c a n t  

'H  nmr and s t r u c t u r a l  parameters d e r i v e d  from Brown-Ladner equat ions  

The va lue  o f  n then decreases t o  a minimum a t  

The increased c h a i n  l e n g t h s  c o u l d  r e s u l t  

More l i k e l y  i t  i s  a combinat ion o f  bo th  processes. 

Hence o n l y  s m a l l e r  MW species f rom t h e  v e r y  heterogeneous Tota l  
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r e d u c t i o n  o f  a l i p h a t i c  components w i t h i n  t h e  f i r s t  4 minutes o f  r e a c t i o n ,  and 
w i t h  o n l y  a l k y l  pheno ls  and ca techo ls  remain ing  a f t e r  45 minutes.  
t h a t  t h e  more e a s i l y  a c c e s s i b l e  and removable a l i p h a t i c  m a t e r i a l  i s  e x t r a c t e d  
p r e f e r e n t i a l l y  f rom t h e  coa l  m a t r i x  i n  t h e  i n i t i a l  stages o f  d i s s o l u t i o n ,  w h i l e  
a t  longer  t imes t h e  coa l  s t r u c t u r e  i t s e l f  must be more s e v e r e l y  decomposed t o  
inc rease t h e  o i l  y i e l d .  T h i s  i s  a l s o  revea led  by t h e  decrease i n  t h e  percentage 
o f  r e s i d u e  pyro lysed.  The presence o f  pheno l ic  species i s  d i r e c t l y  r e l a t a b l e  t o  
t h e  l i g n i n  i n p u t  t o  t h e  brown coa l .  T h e i r  ex is tence i n  t h e  pyrograms o f  t h e  
res idues  from 20 and 45 minu tes  supports t h e  hypothes is  t h a t  f u r t h e r  o i l  p roduc t -  
i o n  r e s u l t s  from c r a c k i n g  o f  t h e  l i g n i n - t y p e  components o f  t h e  c o a l  macro- 
molecules. Pyrolysis-Gas Chromatograms o f  t h e  TOs, which are  i n  e f f e c t  s imulated 
d i s t i l l a t i o n  p r o f i l e s ,  a l l  appear v e r y  s i m i l a r .  They d i f f e r  q u a n t i t a t i v e l y  
r a t h e r  t h a n  q u a l i t a t i v e l y  i n  composi t ion.  

technique known a s  Deno Ox ida t ion  (18) .  
and leaves t h e  a l i p h a t i c  p o r t i o n  e s s e n t i a l l y  i n t a c t .  
t h a t  even a t  0 minu tes  t h e r e  i s  a marked r e d u c t i o n  i n  t h e  t o t a l  y i e l d  o f  
a l i p h a t i c  hydrogen (65.6% c f  54.3%) compared t o  t h e  parent  coal  f rom both  
ass ignab le  and unass ignab le  m a t e r i a l .  Overa l l  t h e r e  i s  a r e d u c t i o n  w i t h  t i m e  f o r  
b o t h  t h e  t o t a l  a l i p h a t i c  and t o t a l  spectrum hydrogen y i e l d s ,  suggest ing  t h e  
res idues  a r e  becoming more aromat ic i n  na ture .  A c e t i c  a c i d  ( d e r i v e d  from a r y l  
methyl  grou d v a r i e s  l i t t l e  w i t h  t ime suggest ing  l i t t l e  inc rease i n  d e a l k y l a t i o n  
r e a c t i o n s .  S u c c i n i c  a c i d  (der ived  from hydroaromat ic s t r u c t u r e s )  w e l l  i l l u s t r a t e s  
t h e  ex is tence o f  two r e a c t i o n  zones. I t  i s  much reduced i n  t h e  second due t o  
b o t h  a p o s s i b l e  i n t e r n a l  hydrogen donat ion  and a more severe r u p t u r e  o f  t h e  coal  
s t r u c t u r e .  S i m i l a r l y ,  ma lon ic  a c i d  ( d e r i v e d  from b r i d g i n g  methylene groups) i s  
a l s o  reduced i n  t h e  second p e r i o d  as a r e s u l t  o f  bond cleavages and probab ly  
accompanying f r a g m e n t a t i o n  o f  aromat ic c l u s t e r s .  The 1" and 2" p ro tons  decrease 
i n  accord w i t h  the  t o t a l  a l i p h a t i c  hydrogen, whereas the  3" p ro tons  v a r y  l i t t l e  
w i t h  t ime.  However, the  pro tons  on carbons a t o  carbony l  c o n t a i n i n g  f u n c t i o n a l  
groups decrease s i g n i f i c a n t l y  w i t h  t ime, p a r a l l e l l i n g  t h e  l o s s  o f  t h e  f u n c t i o n a l  
groups as carbon o x i d e s .  The da ta  support  e a r l i e r  conc lus ions  from o t h e r  
techniques. 

V i c t o r i a n  brown c o a l .  Al though o i l  y i e l d s  and convers ion  are  lower  than f o r  
bi tuminous coa ls  t h e y  show t r e n d s  s i m i l a r  t o  those r e p o r t e d  f o r  USA low rank 
coals.  
d i s t i n c t  phases. One p r i m a r i l y  i n v o l v e s  e x t r a c t i o n  o f  t h e  coa l  and removal o f  
carboxy l  and carbony l  groups w h i l e  t h e  o t h e r  i n v o l v e s  a more severe d i s r u p t i o n a n d  
decomposi t ion o f  t h e  coal  m a t r i x  and removal o f  hydroxy l  m o i e t i e s .  I n  bo th  
phases d e a l k y l a t i o n  i s  n o t  a dominant r e a c t i o n .  

Th is  i n d i c a t e s  

The res idues  were d e g r a d a t i v e l y  o x i d i z e d  by p e r o x y t r i f l u o r o a c e t i c  ac id ,  a 
It s e l e c t i v e l y  o x i d i z e s  aromat ic  r i n g s  

The data (Tab le  4 )  revea ls  

Th is  paper has r e p o r t e d  t h e  r e s u l t s  o f  a donor s o l v e n t  SRT s tudy  o f  a 

The d i s s o l u t i o n  process appears t o  occur i n  two c h e m i c a l l y  and p h y s i c a l l y  
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TABLE 1: PRODUCT DISTRIBUTION 

A R e ~ ~ ~ ~ o n  Convers ion  O i l  H?OA ResidueA GasA,B H2O/oi l  Gas /o i l  
f m i n l  % y i e l d  y i e l d  y i e l d  y i e l d  
\""I,, 

0 9.0 0.90 2.59 91.00 5.50 2.88 6.12 
2 12.61 5.12 2.04 87.39 5.45 0.40 1.06 
3 21.02 6.08 2.43 78.98 12.51 0.40 2.06 
4 27.53 7.63 2.89 72.47 17.01 0.38 2.23 
10 32.39 10.65 4.77 67.61 16.91 0.45 1.59 
20 39.91 18.08 7.17 60.09 14.66 0.40 0.81 
45 48.95 19.55 15.32 51.05 14.08 0.78 0.72 
120 56.28 25.92 15.96 43.72 14.40 0.62 0.56 

A - g/100 g DAF Coal B - By d i f f e r e n c e  

TABLE 2: ELEMENTAL ANALYSES 

C H OA N H /C  O / C A  N/C Ash T i  me 
(min) 

LY 1277 62.35 5.20 31.89 0.59 1.00 0.38 0.01 0.71 
Tota l  O i l s  

0 74.69 2.48 22.30 0.53 0.40 0.22 0.01 6.00 
2 76.43 3.50 19.74 0.33 0.55 0.19 0.00 0.90 
3 76.87 4.18 24.50 0.49 0.65 0.24 0.01 2.0 
4 68.30 3.77 27.50 0.40 0.66 0.30 0.01 1.0 
10 73.84 4.17 21!81 0.16 0.68 0.22 0.00 0.70 
20 84.55 5.96 9.14 0.35 0.85 0.08 0.00 0.40 
45 82.93 5.87 10.72 0.41 0.85 0.09 0.00 2.40 
120 86.98 6.23 6.20 0.50 0.86 0.05 0.00 0.40 

0 65.24 4.68 29.44 0.65 0.86 0.34 0.01 0.79 
2 67.28 4.62 27.39 0.71 0.82 0.31 0.01 0.12 
3 68.86 4.62 25.78 0.73 0.81 0.28 0.01 1.13 
4 69.35 4.62 25.29 0.74 0.80 0.27 0.01 1.06 
10 70.51 4.70 24.06 0.79 0.80 0.26 0.01 1.06 
20 72.16 4.70 22.37 0.83 0.78 0.23 0.01 1.06 
45 74.40 4.87 19.79 0.95 0.79 0.20 0.01 1.97 
120 75.71 5.03 18.23 1.01 0.79 0.18 0.01 ?.29 

Residues 

A - Oxygen by d i f f e r e n c e  
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Low 2003 lob0 bw 

Wavenumber 1 cm-’1 
F I G .  1 .  I R  SPECTRA OF LIQUEFACTION RESIDUES 

LO00 m 1WO 600 
Wovenumber Icrn-’I 

F I G  2 .  I R  SPECTRA OF TOTAL OILS 
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Combined Upyradiny o f  Coal and Petroleum Residua 

C h r i s t i n e  W. C u r t i s ,  James A. Guin. M i l o  Pass, and Kan Joe Tsai  

Chemical Engineer ing,  Auburn U n i v e r s i t y ,  Alabama 36849-3501 
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Th is  i n v e s t i g a t i o n  examines t h e  f e a s i b i l i t y  o f  us ing  heavy pe t ro leum crudes and 
r e s i d u a  as so lvents  i n  coal  l i q u e f a c t i o n .  The concept be ing  exp lo red  i s  t o  d e t e r -  
mine i f  coal  and heavy pe t ro leum crudes and res idua can be s imu l taneous ly  processed 
w i t h  mutual upgrading o f  bo th  mater ia ls .  
coworkersl-4 has examined t h e  l i q u e f a c t i o n  o f  coal  u s i n g  Athabasca o i l  sands 
bitumen, Lloydminster heavy o i l ,  Coker yas o i l  and Cold Lake bitumen. The e f f e c -  
t i v e n e s s  o f  these m a t e r i a l s  as hydrogen donor s o l v e n t s  and t h e i r  thermal s t a b i l i t y  
under l i q u e f a c t i o n  c o n d i t i o n s  was a l s o  examined. The e f f e c t s  o f  process parameters 
on t h e  produc t ion  o f  r e a c t i o n  products was a l s o  i n v e s t i g a t e d .  Other i n v e s t i y a t i o n s  
have been performed by Mochida and coworkers5 i n  which severa l  Coals were l i q u e f i e d  
i n  t h e  presence o f  a K h a f j i  vacuum residue. 
inc luded the  l i q u e f a c t i o n  o f  an A u s t r a l i a n  brown coal  i n  a prehydrogenated pe t ro leum 
p i t c h  and t h e  l i q u e f a c t i o n  o f  subbituminous coa ls  u s i n g  pyrene and var ious  Ashland 
p i t c h e s .  

Th is  study examines t h e  conversion o f  a bi tuminous coa l  t o  s o l u b l e  p roduc ts  through 
coprocessiny w i t h  s i x  heavy petroleum crudes and residua. These r e a c t i o n s  were 
performed thermal ly ,  i n  an i n e r t  and i n  a hydrogen atmosphere, and c a t a l y t i c a l l y  i n  
a hydroyen atmosphere. The petroleum m a t e r i a l s  used range f rom a whole crude t o  a 
v a r i e t y  o f  residua. Chemical and phys ica l  c h a r a c t e r i z a t i o n s  have been performed t o  
determine what f a c t o r s  a re  most i n f l u e n t i a l  i n  producing t h e  end product.  To 
determine t h e  s e n s i t i v i t y  o f  coprocessing t o  r e a c t i o n  c o n d i t i o n s  and t o  determine 
t h e  most op t ima l  parameters, an e v a l u a t i o n  o f  key r e a c t i o n  parameters has been 
performed. 

Previous work by Moschopedis and 

Other s t u d i e s  by Mochida6.7 have 

Exper imental  

Feedstock. S i x  petroleum crudes and residua, s u p p l i e d  by C i t i e s  Serv ice  Research 
and Development Company, have been examined f o r  p o t e n t i a l  use as s o l v e n t s  f o r  coa l  
l i q u e f a c t i o n  processing. 
The coa ls  used i n  t h i s  study are  a h i y h  v o l a t i l e  bi tuminous I l l i n o i s  #6 coal ,  a 
B l a c k s v i l l e  mine coa l  and a subbituminous coal ,  C l o v i s  P o i n t  f rom Wyoming. 

Screening Experiment. 
gen atmosphere and a hydroyen atmosphere. C a t a l y t i c  sc reen iny  exper iments w i t h  a 
hydrogen atmosphere were performed a t  4UU0 and 425OC. The equipment and r e a c t i o n  
c o n d i t i o n s  used i n  these experiments were: a 50 cc s t a i n l e s s  s t e e l  t u b i n g  bomb 
reac tor ,  r e a c t i o n  t i m e  o f  30 minutes, a y i t a t i o n  a t  8bU cpm, and a s o l v e n t  t o  c o a l  
r a t i o  o f  2 : l .  The r e a c t i o n  produc ts  were analyzed by a s o l v e n t  separa t ion  scheme i n  
which t h e  product i s  success ive ly  e x t r a c t e d  by pentane, benzene and methylene 
c h l o r i d e /  methanol. The l i q u i d  f r a c t i o n s  ob ta ined a r e  o i l  (pentane s o l u b l e s ) ,  as- 
phal tenes (benzene so lub le ,  pentane i n s o l u b l e s ) ,  and preasphal tenes (benzene i n s o l -  
ub le ,  methylene chlor ide/rnethanol  so lub les) ,  and i n s o l u b l e  o r y a n i c  mat te r .  The 
we iyh t  o f  gases produced was a l s o  determined. 

Parametr ic Evaluat ion.  
conversion a n d p r o d u c t  d i s t r i b u t i o n s  f rom combined process ing  were r e a c t i o n  temper- 
a tu re ,  i n i t i a l  hydrogen r e a c t i o n  pressure, r e a c t i o n  t i m e  and d i f f u s i o n a l  p a t h l e n y t h  
o f  the  c a t a l y s t .  
below: 

Ana lys is  o f  t h e  petroleum feeds tocks  are  g iven i n  Table 1. 

Screening experiments were performed a t  4U0°C us ing  a n i t r o -  

The r e a c t i o n  parameters eva lua ted  as t o  t h e i r  e f f e c t  on coal  

The r e a c t i o n  c o n d i t i o n s  f o r  these e v a l u a t i o n s  are  summarized 
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Reaction Condi t ions 

T i  me 
Tempe rat u r e  
Pressure 
A g i t a t i o n  Speed 
Coal 

Solvent 
Ca ta l ys t  

Temperature 

30 minutes 

1250 p s i g  HZ 
860 cpm 

3 y, I l l i n o i s  #6 o r  
3 y, B l a c k s v i l l e  
6 y. Maya Crude 

None 

---- 

Parameter 

Pressure 

30 minutes 
425OC ---- 
a60 cpm 

3 y, I l l i n o i s  #6 

6 y, Maya Crude 
1 y, P r e s u l f i d e d  

S h e l l  324 
NiMo/Al2u3 
powdered 

( f rom 1/32" 
ex t ruda tes )  

Time 

--- 
425'C 

1250 p s i y  
860 Cpm 

3 y, I l l i n o i s  #6 

6 y, Maya Crude 
3 c o n d i t i o n s  
were used: 

P r e s u l f i d e d  

NiMo/Al2O3 
1/16" ext rudates 

She l l  324 
NiMo/Al2O3 

( f r o m  1/16" 

a. None 

b. S h e l l  324 

c. P r e s u l f i d e d  

ex t ruda tes )  

The e f f e c t  o f  thermal and c a t a l y t i c  combined process iny on the r e a c t i o n  products  
from C lov i s  P o i n t  coal  was a l s o  evaluated. 

C h a r a c t e r i z a t i o n  o f  t h e  Petro leum Crudes and Residua. The pet ro leum crudes and 
res idua were c h a r a c t e r i z e d  by elemental ana lys i s ,  molecular  weight  by vapor phase 
osmometry i n  p y r i d i n e ,  v i s c o s i t y ,  Conradson Carbon, p ro ton  d i s t r i b u t i o n ,  and 
s p e c i f i c  g r a v i t y .  Table 1 presents  a composite o f  t h e  phys i ca l  and chemical 
c h a r a c t e r i s t i c s  o f  t h e  pet ro leum crudes and res idua.  

Resul ts  and D iscuss ion  

S i x  heavy pet ro leum crudes and res idua  have been used as so l ven ts  i n  a s e r i e s  o f  
coa l  l i q u e f a c t i o n  experiments t o  determine t h e i r  a b i l i t y  t o  l i q u e f y  coal .  
experiments were performed a t  4UOo and 425OC us ing  I l l i n o i s  #6 coal  and i n  th ree  
d i f f e r e n t  environments: 
H2 atmosphere u s i n g  a p e l l e t i z e d  p r e s u l f i d e d  NiMo/Al203 c a t a l y s t .  

Analyses o f  t h e  so l ven ts  us iny  a s o l u b i l i t y  e x t r a c t i o n  procedure developed f o r  coal 
m a t e r i a l s  showed t h a t  t he  pet ro leum crudes were between 4 0 %  t o  90% s o l u b l e  i n  
pentane and t h e  pentane i n s o l u b l e  m a t e r i a l s  were most ly  benzene so lub les ,  asphal- 
tenes.  The coal  de r i ved  so l ven t  CPUU-2UOA was -85% pentane s o l u b l e  w i t h  t h e  r e -  
mainder be ing asphal tenes.  The pet ro leum so lven ts  have hydrogen t o  carbon r a t i o s  o f  
-1.45 t o  1.65 and s u l f u r  contents  between 2.8% and 4.6%. 

The 

(1) a NE atmosphere, ( 2 )  a H2 atmosphere and ( 3 )  and 

L i q u e f a c t i o n  i n  a N i t r o y e n  Atmosphere. L i q u e f a c t i o n  experiments were performed i n  a 
hydrogen d e f i c i e n t ,  n i t r o y e n  atmosphere t o  determine how r e a d i l y  t h e  hydroyen-r ich 
pet ro leum so lven ts  cou ld  t r a n s f e r  hydrogen d i r e c t l y  t o  coal, thereby conver t i ng  coal 
t o  a so iuDie proauct .  Sne a b i i i t y  o f  t e t r a i i n  and coa i -de r i ved  CPDU-PUUA t o  conver t  
coal  was a l so  determined. 

Coal convers ion ob ta ined  us ing  t e t r a l i n  was 57.52, by CPDU-PUUA was 51.5%. and t h e  
most converted by a pe t ro leum crude was 36.0%. A t  40OoC, t h e  coa l  convers ion i n  the 
pet ro leum m a t e r i a l s  range from 28% t o  36%. These data i n d i c a t e  and t h e  proton 
d i s t r i b u t i o n  as determined p r o t o n  nuc lear  maynetic resonance (1HNMR) s u b s t a n t i a t e  
t h a t  the pet ro leum crudes and res idua  do no t  con ta in  hydrogen which can be e a s i l y  
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donated t o  coal. 
l i e  i n  the  a l k y l  6 and y reg ions.  I n  these experiments, t e t r a l i n ,  a known hydrogen 
donor, was t h e  only  so l ven t  t h a t  produced an i nc rease  i n  o i l s  above t h a t  present  i n  
t h e  o r i g i n a l  2 : l  so lven t / coa l  mix ture. .  I n  t h e  hydroyen d e f i c i e n t  atmosphere, donor 
hydroyen as present i n  hydroaromat ic  compounds, appears t o  be necessary f o r  both 
coal  Conversion and t h e  p roduc t i on  and maintenance o f  t he  o i l  f r a c t i o n .  S i m i l a r  
r e s u l t s  u s i n y  model hydroaromatic and a l i p h a t i c  so l ven ts  are present i n  t h e  
1 i t e r a t u r e  .8-9 

Compared t o  the o r i g i n a l  product  d i s t r i b u t i o n ,  t h e  r e a c t i o n  products  from t h e  
combined process ing l o s t  pentane so lub les.  A yeneral i nc rease  i n  t h e  asphal tene 
con ten t  o f  t he  product  l i q u i d s  was observed as compared w i t h  the o r i y i n a l  charye. 
I n  t h e  hydrogen d e f i c i e n t  environment, bo th  t h e  coal  and t h e  heavy pe t ro leum 
m a t e r i a l s  may undergo po lymer i za t i on  forminy c o k e - l i k e  m a t e r i a l  which appears as 
IOM. I n  a d d i t i o n ,  t h e  r e a c t i n y  coal  may inco rpo ra te  a s i g n i f i c a n t  p o r t i o n  of  t h e  
pet ro leum so lub le  m a t e r i a l  i n t o  t h e  coal  ma t r i x .  

I n  f a c t ,  t h e  m a j o r i t y  o f  t h e  protons i n  t h e  pet ro leum m a t e r i a l s  

-\ 
3 

N o n c a t a l y t i c  Experiments w i t h  a Hydroyen Atmosphere. 
p o s s i b l e  r e t r o y r e s s i v e  reac t i ons  o f  t he  pet ro leum m a t e r i a l s  and t h e  coal  assoc ia ted  
w i t h  the i n e r t  atmosphere, a hydrogen atmosphere was used. As w i t h  t h e  n i t r o g e n  
atmosphere, t e t r a l i n  conver ted t h e  most coal ,  y i e l d i n g  7 1 . 2 % ,  w h i l e  t h e  c o a l - d e r i v e d  
m a t e r i a l  CPDU-2OOA conver ted 56.8%. Compared t o  the  n i t r o y e n  atmosphere, 
s u b s t a n t i a l l y  more coal  was conver ted i n  the  hydrogen atmosphere w i t h  the  pet ro leum 
solvents .  The coal convers ion ranged from -43% t o  54% depending upon t h e  pet ro leum 
m a t e r i a l  used. The hydrogen atmosphere a l so  e i t h e r  mainta ined o r  i nc reased  the  o i l  
y i e l d  as compared t o  the  o r i y i n a l  charge. Three o f  t h e  l e s s  viscous l i g h t e r  
pet ro leum mate r ia l s ,  Maya Crude, West Texas TLR and Mayan TLR showed a p o s i t i v e  
i nc rease  i n  o i l ;  whereas, i n  n i t royen ,  each o f  these crudes showed a reduc t i on  i n  
o i l  con ten t  when compared t o  t h e  o r i g i n a l  so l ven t .  Kuwait res id ,  West Texas vacuum 
s h o r t  and West Texas TLR showed t h e  g rea tes t  o i l  p roduc t i on  improvement ( >  7%) when 
a hydrogen r a t h e r  than a n i t r o g e n  atmosphere was used. 

C a t a l y t i c  L i q u e f a c t i o n  Using a Hydrogen Atmosphere. The e f f e c t  o f  addiny a p resu l -  
f i d e d  NiMo/A1203 ex t ruda te  c a t a l y s t  on t h e  convers ion o f  coal  and on r e a c t i o n  
p roduc ts  has a lso been i n v e s t i y a t e d .  
425OC. For  a l l  t h e  so l ven ts  used, t h e  a d d i t i o n  o f  p r e s u l f i d e d  NiMo/AlzOg inc reased  
b o t h  o i l  p roduc t i on  and coal  conversion. I n  t h e  comp i la t i on  o f  data presented i n  
Table 2 ,  it i s  apparent t h a t  a t  4U0°C and 42S°C the  presence o f  t h e  NiMo/Alzu j  
hydroyenat ion c a t a l y s t  caused a s i y n i f i c a n t  improvement i n  t h e  o i l  y i e l d .  
improvement i s  observed i n  coal  conversion. I n  those cases where t h e  c a t a l y t i c  
r e a c t i o n s  were performed a t  both 4U0°C and 425OC, t h e  twen ty - f i ve  (25)  deyree r i s e  
i n  temperature seemed t o  be a secondary e f f e c t  on both coal  convers ion and o i l  y i e l d  
w i t h  the  poss ib le  excep t ion  o f  t h e  West Texas vacuum shor t  res id .  
vacuum shor t  res id ,  coal  convers ion seemed t o  be a f f e c t e d  by temperature bo th  i n  
c a t a l y t i c  and n o n c a t a l y t i c  reac t i ons  w i t h  hydroyen atmospheres. 
hydrogenat ion c a t a l y s t  can s i y n i f i c a n t l y  improve t h e  o i  1 p roduc t i on  and coa l  con- 
v e r s i o n  i n  combined process ing.  

To e l i m i n a t e  some o f  t h e  

1 

The reac t i ons  were performed a t  4UU°C and 

The same 

For  West Texas 

The a d d i t i o n  o f  a 

Chemical and Physica l  P roper t i es  o f  the Petroleum Crudes and Residua. Among t h e  s i x  
pet ro leum m a t e r i a l s  i n d i v i d u a l  d i f f e r e n c e s  a re  apparent i n  t h e i r  a b i l i t y  t o  conver t  
coa l  and produce pentane so lub le  ma te r ia l s .  A number o f  chemical and p h y s i c a l  
p r o p e r t i e s  o f  t h e  pet ro leum m a t e r i a l s  have been evaluated and are y iven i n  Table 1. 
A t y p i c a l  coal l i q u i d ,  CPDU-EOUA, i s  a l so  shown i n  Table 1 and has been used as a 
p o i n t  of comparison between the  coa l -de r i ved  and pet ro leum solvents .  

From these analyses, general comments can be made concerning the p r o p e r t i e s  of t h e  
pet ro leum solvents .  
compounds as evidenced by a l ack  o f  s o l u b i l i t y  o f  4 t o  -20% o f  t he  pet ro leum 
m a t e r i a l  i n  pentane and t h a t  much s o l u b i l i t y  i n  benzene. A l l  o f  t h e  pet ro leum 
s o l v e n t s  are hydrogen-r ich and h i g h  i n  s u l f u r  as compared t o  coa l -de r i ved  l i q u i d s .  

I 

Each pet ro leum crude and residuum conta ins l a r g e  aspha l ten i c  
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The t y p i c a l  hydroyen t o  carbon r a t i o  f o r  coa l -der ived  l i q u i d s  i s  l.U o r  l e s s ;  a l l  of 
t h e  pe t ro leum crudes and res idua used i n  t h i s  study have H/C r a t i o s  i n  t h e  range o f  
1.45 t o  1.65. The ash l e v e l s  i n  the  pe t ro leum crudes range from U.Ul2 w t  % f o r  West 
Texas vacuum shor t  r e s i d  t o  0.082 w t %  f o r  Mayan topper  l o n y  r e s i d .  Th is  low ash 
conten t  i s  i n s i y n i f i c a n t  i n  t h i s  work i n  terms o f  the  product d i s t r i b u t i o n  obtained 
a f t e r  coprocessing w i t h  coa l .  A l l  o f  t h e  petroleum so lvents  a re  h i g h l y  a l i p h a t i c ,  
hav iny  f a  va lues  between U.32 and 0.37. 
s o l v e n t s  show t h e  p r o t o n s  t o  be p r i m a r i l y  a l k y l  5 and y protons. Few hydroaromat ic 
p r o t o n s  are  present .  CPDU-ZOUA, by cont ras t ,  i s  q u i t e  aromat ic,  having a fa  value 
o f  0.71. A h i y h e r  percentage o f  c y c l i c  alpha protons are  present i n  t h e  CPDU-200A 
t h a n  i n  any o f  t h e  pe t ro leum m a t e r i a l s .  The aromat ic na ture  and t h e  presence o f  
some hydroaromat ics may account f o r  t h e  CPUU-2UUA's a b i l i t y  t o  conver t  more coal  
t h a n  do t h e  p e t r o l e u m  so lvents .  

i 

Proton d i s t r i b u t i o n s  o f  t h e  pe t ro leum 

Coal conversion i n  t h e  pe t ro leum so lvents  us ing  a hydrogen atmosphere a t  40U'C can 
be  c o r r e l a t e d  w i t h  t h e  v i s c o s i t y  o f  t h e  pe t ro leum m a t e r i a l  and w i t h  t h e  Conradson 
Carbon number. The h i g h l y  v iscous so lvents ,  Kuwait r e s i d  and West Texas vacuum 
s h o r t  r e s i d ,  g i v e  l e s s  coa l  conversion than do t h e  l e s s  v iscous pe t ro leum solvents.  
The petroleum s o l v e n t s  w i t h  lower Conradson Carbon numbers promote h i g h e r  coal  
conversion. A s i m i l a r  t r e n d  i s  observed w i t h  mo lecu la r  weight.  The pe t ro leum 
s o l v e n t s  w i t h  lower  mo lecu la r  weights,  L loydmins ter  reduced crude, West Texas TLR, 
Maya Crude and Mayan TLR, c o r r e l a t e  w i t h  inc reased coal  conversion. West Texas TLR 
wh ich  has t h e  lowest  Conradson Carbon and t h e  second lowest  mo lecu la r  we igh t  and 
v i s c o s i t y  g i v e s  t h e  h i g h e s t  coal  conversion o f  any o f  t h e  pe t ro leum s o l v e n t s  dur ing  
coprocessing. The a d d i t i o n  o f  a c a t a l y s t  changes t h e  order  o f  t h e  coal  conversion 
among t h e  s i x  pe t ro leum s o l v e n t s  and apparent ly  t h e  r e l a t i v e  importance o f  t h e  
s o l v e n t ' s  p r o p e r t i e s .  
s o l v e n t  p r o p e r t i e s  and coa l  conversion when a c a t a l y s t  i s  used. 

No obvious c o r r e l a t i o n s  e x i s t  between t h e  abovementioned 
/ 

Parametr ic E v a l u a t i o n .  The e f f e c t  o f  r e a c t i o n  c o n d i t i o n s  on combined coa l  and heavy 
r e s i d u a  process i  ny has been evaluated u s i n g  t h e  parameters o f  r e a c t i o n  temperature, 
i n i t i a l  hydroyen pressure,  r e a c t i o n  t i m e  and d i f f u s i o n a l  p a t h l e n y t h  o f  t h e  c a t a l y s t .  
F o r  these s t u d i e s ,  Maya Crude was used as t h e  so lvent .  Three coa ls  were used, 
I l l i n o i s  #6, B l a c k s v i l l e ,  and C l o v i s  Point ,  w i t h  I l l i n o i s  #6 coal  b e i n y  used f o r  t h e  
m a j o r i t y  o f  t h e  exper iments.  Solvent e x t r a c t i o n  o f  I l l i n o i s  #b a t  room temperature 
showed t h e  coa l  t o  be -90% i n s o l u b l e  a t  room temperature.  When reac ted  a t  425OC i n  
hydrogen i n  t h e  absence o f  a so lvent ,  -35% o f  I l l i n o i s  #6 cba l  was converted, 
p r i m a r i l y  t o  preasphal tenes. Under t h e  same cond i t ions ,  -46% o f  t h e  C l o v i s  Po in t  
was converted w i t h  a l l  s o l u b i l i t y  f r a c t i o n s  be ing  present.  The u p g r a d a b i l i t y  of t h e  
Maya Crude was a l s o  examined t o  determine i f  t h e  asphal tenes present  c o u l d  be 
upgraded t o  o i l .  A f t e r  thermal r e a c t i o n  t h e  Maya Crude d i d  n o t  change s u b s t a n t i v e l y  
a l t h o u y h  2.7% o f  t h e  produc t  was yas. 
c a t a l y t i c  hydrogenat ion  w i t h  a f u r t h e r  inc rease i n  gas produc t ion .  

E f f e c t  o f  Temperature on t h e  Product D i s t r i b u t i o n  from I l l i n o i s  #6 and B l a c k s v i l l e  
Coals. To determine the  e f f e c t  o f  r e a c t i o n  temperature on t h e  produc t  d i s t r i b u t i o n s  
f r o m  coprocessing, t h e  r e a c t i o n s  were performed a t  375O, 400°, 425O, 450' and 475OC. 
W i t h  i n c r e a s i n g  temperatures,  o i l  p roduc t ion  and h i g h e r  coal  convers ion  were 
observed f o r  bo th  c o a l s  up t o  a temperature o f  425OC where a maximun i n  o i l  y i e l d  
and a minimum of I O M  occurred. For bo th  coa ls ,  t h e  g r e a t e s t  coal  convers ion  was 
observed a t  425OC. A t  h i g h e r  temperatures, 450' - 475'C, h i y h e r  gas y i e l d s  and IOM 
yie lds  (!ok:c? coal convers ion)  a r e  observed f o r  'vutii coals .  Based on these data, a 
temperature o f  425OC was s e l e c t e d  f o r  combined processing. 

A 4% increase i n  o i l  was observed on 

\ 

. 
I 

E f f e c t  o f  I n i t i a l  Hydroyen Pressure on Coprocessiny. To determine t h e  s e n s i t i v i t y  
o f  combined p r o c e s s i n g  t o  i n i t i a l  hydroyen pressure,  t h e  i n i t i a l  hydrogen pressure 
was increased from U p s i g  t o  1500 psig.  A powdered She l l  324 NiMo/Al 03 was added 
t o  the  r e a c t i o n  m i x t u r e .  The products d i s t r i b u t i o n s  shown i n  F igure  f demonstrate 
t h e  need f o r  a hydroyen environment t o  conver t  coal  and s imu l taneous ly  t o  upgrade 
t h e  petroleum crudes. When no hydrogen i s  present,  o n l y  8.6% coal  convers ion  i s  
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observed. Compariny t h i s  conversion t o  t h a t  o f  t h e r m a l l y  reac ted  coa l  w i t h  no s o l -  
vent i n  a hydrogen atmosphere, t h e  hydroyen atmosphere inc reases  coa l  convers ion  by 
more than 20%. 
be underyoiny r e t r o y r e s s i v e  r e a c t i o n s  fo rminy  c o k e - l i k e  m a t e r i a l s  adding t o  t h e  IUM. 
A t  an i n i t i a l  hydrogen pressure o f  2SU ps ig,  t h e  pentane so lub les  produced were 
h i g h e r  than t h a t  i n  t h e  o r i g i n a l  m ix tu re ;  coa l  conversion was S2.5%, suyges t iny  t h a t  
even low l e v e l s  o f  hydrogen can be e f f e c t i v e  i n  reduc ing  t h e  number o f  r e t r o y r e s s i v e  
r e a c t i o n s  when s o l v e n t  and c a t a l y s t  a re  present t o  a i d  i n  the  t r a n s f e r  of hydroyen 
t o  Coal. A t  500 ps iy ,  the  coa l  convers ion  aya in  increased s i g n i f i c a n t l y  t o  78.7% 
w h i l e  t h e  pentane s o l u b l e  y i e l d s  inc reased t o  70.4%. As t h e  hydroyen pressure  was 
increased even f u r t h e r ,  coal  conversion cont inued t o  c l i m b  y i e l d i n g  86.9% a t  1500 
ps ly .  The o i l  produced a l s o  increased a t  1500 p s i y  t o  78.5%. Above SUO ps ig ,  t h e  
r a t e  of inc rease f o r  bo th  c o a l  convers ion  and pentane s o l u b l e  y i e l d s  was lower than 
between U and 500 ps iy .  

I n  a hydroyen d e f i c i e n t  atmosphere, t h e  pe t ro leum s o l v e n t  may a l s o  

E f f e c t  o f  Time and C a t a l y s t  D i f f u s i o n  Path length  on Product D i s t r i b u t i o n s  f rom t h e  
L i q u e f a c t i o n  o f  I l l i n o i s  #6 Coal. To determine t h e  e f f e c t  o f  t i m e  on combined 
processing, t h r e e  s e t s  o f  experiments were performed: (1 )  thermal  r e a c t i o n  w i t h  no 
c a t a l y s t  present,  (2) NiMo/A1203 p e l l e t i z e d  c a t a l y s t s ,  and (3)  NiMo/A1203 powdered 
c a t a l y s t s .  

A comparison o f  t h e  a b i l i t y  o f  Maya Crude t o  conver t  coal  under these t h r e e  
c o n d i t i o n s  i s  g iven  i n  F i g u r e  2. For a l l  t h r e e  cases, l o n g  r e a c t i o n  t ime,  90 
minutes,  inc reased coa l  convers ion  when compared t o  t h e  s h o r t e r  t i m e  exper iments.  
The use o f  powdered c a t a l y s t  inc reased t h e  amount o f  coal  convers ion  s u b s t a n t i a l l y  
compared t o  the  thermal and c a t a l y s t  p e l l e t  experiments. Th is  inc rease occur red  f o r  
a l l  r e a c t i o n  t imes. The coal  convers ion  i n  t h e  thermal and e x t r u d a t e  exper iments 
a r e  very  s i m i l a r  and are  about 20% l e s s  than t h e  powdered c a t a l y s t .  

Froin these experiments, i t  i s  apparent t h a t  t h e  l o n y e r  residence t i m e  t h e  coal  has 
i n  a hydrogen atmosphere t h e  more coal  w i l l  be converted. The use o f  d c a t a l y s t  
inc reases  the  a v a i l a b i l i t y  o f  t h e  hydrogen t o  t h e  coal  and increases  t h e  r a t e  o f  
coa l  d i s s o l u t i o n .  The use o f  a powdered c a t a l y s t  makes hydroyen more a v a i l a b l e  t o  
t h e  coa l  by p r o v i d i n y  contac t  between t h e  c a t a l y s t  p a r t i c l e s  and t h e  d i s s o l v i n y  coal  
mat r i x .  Th is  inc reased a v a i l a b i l i t y  i s  caused by decreasiny t h e  d i f f u s i o n a l  
p a t h l e n y t h  r e q u i r e d  f o r  t h e  coal  t o  t r a v e r s e  b e f o r e  cominy i n t o  c o n t a c t  w i t h  an 
a c t i v e  hydrogenat ion s i t e .  

Hydrogen consumption i n  t h e  thermal and i n  bo th  c a t a l y t i c  exper iments inc reased w i t h  
i n c r e a s i n g  t ime. 
more hydroyen than d i d  e i t h e r  t h e  experiments u s i n y  p e l l e t s  o r  no c a t a l y s t .  The hy- 
drogen consumption da ta  c o r r e l a t e  w i t h  t h e  y i e l d s  o f  pentane s o l u b l e s  produced under 
t h e  t h r e e  cond i t ions .  
exper iments than i n  t h e  e x t r u d a t e  exper iments which was more than t h e  thermal.  
d a t a  i s  presented i n  F i y u r e  3 which shows t h e  o i l  p roduc t ion  f rom t h e  t h r e e  cases as 
a percentage o f  t h e  upyradable m a t e r i a l  present i n  t h e  reac t ion ,  t h e  upgradable 
m a t e r i a l  be ing  d e f i n e d  as t h e  maf coal  and pe t ro leum asphal tenes present a t  t h e  
bey inn ing  o f  t h e  reac t ion .  The c a t a l y s t  o b v i o u s l y  a i d s  i n  o i l  p roduc t ion ,  w i t h  t h e  
powdered form y i e l d i n y  s i g n i f i c a n t l y  g r e a t e r  o i l  p r o d u c t i o n  than t h e  e x t r u d a t e  
p e l l e t s .  These data a re  a c l e a r  i n d i c a t i o n  o f  t h e  i n f l u e n c e  o f  pore  d i f f u s i o n a l  
r e s t r i c t i o n s  i n  l i m i t i n g  t h e  o i l  y i e l d  w i th  e x t r u d a t e  p e l l e t s .  

I l l i n o i s  #6 coal  was a l s o  l i q u e f i e d  i n  t e t r a l i n  w i t h  a powdered c a t a l y s t  f o r  30 
minutes.  The coal  conversion ob ta ined was 92.4% and t h e  o i l  p r o d u c t i o n  was 86.7%. 
Both t h e  coal  convers ion  and o i l  p r o d u c t i o n  are  h i y h e r  i n  t e t r a l i n  than i n  Maya 
Crude under e q u i v a l e n t  r e a c t i o n  c o n d i t i o n s .  The values ob ta ined from t h e  combined 
process iny  are  81.6% and 76.7%, r e s p e c t i v e l y .  Lonyer r e a c t i o n  t imes o f  90 minutes  
w i t h  Maya Crude produce h i g h e r  y i e l d s  of coa l  convers ion  and o i l ,  83.4% and 82.7%, 
r e s p e c t i v e l y .  

The coprocessiny exper iments u s i n g  t h e  powdered c a t a l y s t  consumed 

More pentane so lub les  were produced i n  t h e  powdered c a t a l y s t  
The 



The e f f e c t  o f  thermal  and c a t a l y t i c  combined process ing from C l o v i s  Po in t  coal  was 
a l so  evaluated.  The product  d i s t r i b u t i o n s  obta ined from 30 minutes o f  r e a c t i o n  are 
yiven i n  Table 4. The product  d i s t r i b u t i o n s  from C l o v i s  Point  coal  f r o m  the  th ree  
r e a c t i o n  c o n d i t i o n s  show s i m i l a r  t rends t o  those ob ta ined  f rom I l l i n o i s  #6 coal .  
O i l  p roduc t i on  and coa l  convers ion increased w i t h  c a t a l y t i c  t reatment ,  t h e  h i yhes t  
y i e l d s  be iny produced from t h e  powdered c a t a l y s t .  
coal  convers ion from C l o v i s  P o i n t  was s l i g h t l y  h i yhe r  than I l l i n o i s  #6 f o r  t h e  
thermal and p e l l e t i z e d  c a t a l y s t  case. O i l  p roduc t i on  from C l o v i s  Point  coal was 
c o n s i s t e n t l y  5 t o  6% h i y h e r  than I l l i n o i s  #6 coal .  

Summary and Conclus ions 

Petroleum crudes and res idua  and coal  have been coprocessed a t  t y p i c a l  l i q u e f a c t i o n  
cond i t i ons  i n  atmospheres o f  n i t r o g e n  and hydrogen and i n  t h e  presence o f  hydrogen 
and a c a t a l v s t .  A t  400'C coal  convers ion i n  a n i t r o u e n  atmosohere was low and a t  

For comparable r e a c t i o n  t imes, 

t h e  same level as t h e  thermal  coal  r e a c t i o n  w i t h  no ;olvent, i n d i c a t i n g  t h a t  no 
t r a n s f e r  o f  hydroyen from t h e  petroleum so lven ts  t o  t h e  coal occurred. Coal 
conversion i nc reased  i n  t h e  presence o f  hydrogen; f u r t h e r  increases i n  coal  
conversion were observed i n  t h e  presence o f  c a t a l y s t  a t  400'C and 425°C. 
dominant f a c t o r  o f  t h e  increased convers ion i n  t h e  m a j o r i t y  o f  t he  heavy petroleum 
m a t e r i a l s  was t h e  presence o f  t h e  c a t a l y s t  w i t h  the  25O temperature r i s e  be ing a 
secondary e f f e c t .  O i l  p roduc t i on  from combined process ing showed negat ive o r  l eve l  
y i e l d s  i n  t h e  N2 atmosphere, l e v e l  o r  s l i g h t l y  p o s i t i v e  y i e l d s  i n  the H2 atmosphere 
and f o r  most pet ro leum so lven ts  s i g n i f i c a n t  increases when a c a t a l y s t  and hydroyen 
were bo th  p resen t .  As i n  t h e  case o f  coal  conversion, the c a t a l y s t  appears t o  be 
t h e  dominant f a c t o r  i n  t h e  i nc rease  w i t h  temperature hav ing a secondary e f f e c t .  

The 

I n d i v i d u a l  d i f f e r e n c e s  amony the  petroleum so lven ts  a re  observed i n  t h e  product  
d i s t r i b u t i o n s  ob ta ined  from combined processing. Coal convers ion i n  t h e  ti2 
atmosphere appears t o  be c o r r e l a t e d  w i t h  v i s c o s i t y ,  molecular  weight and Conradson 
Carbon number o f  t h e  pet ro leum crude. These p a r t i c u l a r  so l ven t  c h a r a c t e r i s t i c s  do 
no t  seem as impor tan t  i n  coa l  convers ion when a c a t a l y s t  i s  present. 

The pa ramet r i c  e v a l u a t i o n  has shown t h a t  opt imal  c o n d i t i o n s  f o r  combined processiny 
are: 

Reac t ion  Temperature: 4 2 5 T  
Hydrogen Pressure: above 500 p s i g  i n i t i a l  hydrogen pressure 

0 Time: 90 minutes 
C a t a l y s t :  powdered hydrogenat ion c a t a l y s t  

Coal convers ion and o i l  p roduc t i on  from combined c a t a l y t i c  (powdered) process ing 
compare favo rab ly  w i t h  t h a t  from t e t r a l i n  w i t h  a powdered c a t a l y s t .  Comparison of 
t h e  f i n a l  o i l  y i e l d s  t o  t h e  i n i t i a l  charge shows t h a t  combined process ing y i e l d s  a 
ne t  o i l  i nc rease  o f  23.3% f o r  90 minute r e a c t i o n  w h i l e  t e t r a l i n  prov ides a ne t  o i l  
i nc rease  o f  17.7% f o r  30 minutes o f  reac t i on .  
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Table 4. Product D i s t r i b u t i o n  o f  C l o v i s  Po in t ,Coa l  Reacted i n  
Maya Crude Under Thermal and C a t a l y t l c  Cond i t ions  

~~~~~~ ~~ ~ 

Gas 5.7 5.7 

O i  1 68.4 75.0 

Asphal tenes 9.0 5.5 

Preasphal tenes  5.2 4.9 

I O M  11.7 8.9 

% Coal Conversion 62.3 71.6 

React ion Cond i t ions :  30 minutes, 1250 p s i g  i n i t i a l  
a g i t a t i o n  86U cpm, 425'C. 

4.9 

81.1 

5.1 

2.9 

6.0 

80.8 

H2 pressure,  

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 
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Figure 1.. E f fec t  o f  I n i t i a l  Hydrogen Pressure  on Product 
D i s t r i b u t i o n s  from Combined Processing o f  
I l l i n o i s  16 and Maya Crude. 
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Figure 2 .  Effec t  o f  Time and C a t a l y s t  on 

Coal Conversion from Combined 
Processing o f  I l l i n o i s  nY6 Coal 
and Maya Crude. 
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F igu re  3. E f f e c t  o f  Time and C a t a l y s t  on 
Oil Produc t ion  f rom Combined 
Process ing o f  I l l i no i s  #6 Coal 
and Maya Crude. 
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INTRODUCTION 

D u r i n g  the p a s t  decade c o a l  s c i e n t i s t s  and t e c h n o l o g i s t s  have become i n c r e a s i n g l y  
aware o f  t h e  p o t e n t i a l l y  dramat ic e f f e c t s  of  o x i d a t i o n  ("Weather ing")  on the  s t r u c -  
t u r e  and r e a c t i v i t y  o f  coa ls .  Present ly  known e f f e c t s  range from a u t o i g n i t i o n  i n  
mines [l] and p i l e s  [2], changes i n  e l e c t r o s t a t i c  charge, s l u r r y  pH and f l o t a b i l i t y  
[3]  o r  loss  o f  cak ing  p r o p e r t i e s  [4-71 and c a l o r i f i c  value [3,4] t o  decreased t a r  
[8,9] and v o l a t i l e  m a t t e r  y i e l d s ,  increased char  y i e l d s  [9,10] and a l t e r e d  char 
p r o p e r t i e s  [3,5,6]. 
i n  a recent  paper by Cox and Nelson [ll]. 

Because o f  a lack  o f  g e n e r a l l y  accepted and standardized procedures f o r  determining 
t h e  degree o f  weather ing  ( t h e  "weather ing index" )  o f  a g i v e n  coal sample, most data 

An e x c e l l e n t  overview of  coal  weather ing e f f e c t s  can be found 

on s t r u c t u r e  and r e a c t i v i t y  repor ted  i n  the l i t e r a t u r e  thus f a r  were o b t a i n e d o n  
c o a l  samples o f  u n c e r t a i n  weather ing s t a t u s  and should t h e r e f o r e  be i n t e r p r e t e d  
w i t h  g rea t  cau t ion .  

U n f o r t u n a t e l y ,  t h i s  s i t u a t i o n  i s  compounded by the  d i f f i c u l t y  o f  o b t a i n i n g  "non- 
weathered" c o a l  samples f o r  s t r u c t u r e  and r e a c t i v i t y  t e s t s  s ince  even re fe rence 
samples a v a i l a b l e  f rom c o a l  sample banks have sometimes been found t o  e x h i b i t  s igns 
o f  weather ing.  I n  t h e  near f u t u r e  a new c o l l e c t i o n  o f  standard coal  samples, t h e  
Premium Coal Sample Program c u r r e n t l y  underway a t  Argonne Nat iona l  Labora tory  under 
t h e  most s t r i n g e n t  anaerob ic  c o l l e c t i o n ,  p r e p a r a t i o n  and storage c o n d i t i o n s  [12], 
may help s o l v e  the  a v a i l a b i l i t y  problem. 
p o r t e d  here h igh  v o l a t i l e  B bituminous coal  samples ob ta ined d i r e c t l y  f rom f r e s h l y  
exposed seam fac ies  i n  t h e  Wasatch Plateau f i e l d  (Hiawatha and B l i n d  Canyon seams, 
Emery County, Utah) were used. 

The present study was prompted by the  d iscovery  o f  F S I  values as h i g h  as 4.0 i n  
c o a l s  obtained d i r e c t l y  f rom f r e s h  mine c u t s  i n  t h e  Hiawatha and B l i n d  Canyon seams 
C41. U n t i l  then, coa ls  f rom these seams were g e n e r a l l y  considered t o  be noncaking. 
S ince  F S I  values > 2.0 c o u l d  i n t e r f e r e  w i t h  p y r o l y t i c  conversion schemes under 
c o n s i d e r a t i o n  by U t a h  Power and L i g h t  Company [13], a systemat ic study o f  t h e  i n f l u -  
ence of weather ing on t h e  r e a c t i v i t y  and s t r u c t u r e  o f  se lec ted  Wasatch Plateau coa ls  
was undertaken. 

I n  the  coa l  weather ing experiments r e -  

EXPERIMENTAL 

Several  hundred pounds o f  samples were ob ta ined from t h e  top ,  m i d d l e  and bottom o f  
f r e s h l y  exposed c r o s s  s e c t i o n s  o f  the  Hiawatha and B l i n d  Canyon seams and immersed 
i n  water u n t i l  be ing  crushed and m i l l e d  t o  < 60 mesh i n  a n i t r o g e n  atmosphere. A l l  
sample s to rage took p l a c e  under n i t r o g e n  i n  h e r m e t i c a l l y  c losed g lass  b o t t l e s  a t  
-2OOC i n  t h e  dark.  
< 60 mesh coa l  were exposed t o  d i f f e r e n t  temperatures and atmospheric c o n d i t i o n s  
(N2 o r  a i r ;  d r y  o r  H20 s a t u r a t e d )  f o r  per iods  up t o  several  weeks o r  months us ing  a 
s p e c i a l l y  cons t ruc ted  bench sca le  weather ing system [41. 

I n  t h e  l a b o r a t o r y  weather ing experiments, 10-15 g a l i q u o t s  of  
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FSI determinat ions  were performed according t o  ASTM Standard 0-720-67, whereas 
standard ASTM proximate ana lys is ,  c a l o r i f i c  va lue  and t o t a l  s u l f u r  de termina t ions  
were c a r r i e d  ou t  by Standard Labora tor ies  (Hunt ington, Utah).  
performed w i t h  a M e t t l e r  I thermal ana lyzer  under the  f o l l o w i n g  c o n d i t i o n s :  ( i n i -  
t i a l  p y r o l y s i s  r u n )  sample weight approx. 10 mg, n i t r o g e n  f l o w  100 ml/min,  heat ing  
r a t e  15"C/min, end temperature 790°C, (subsequent char  combustion run; a f t e r  c o o l i n g  
down) a i r  f low 100 ml/min, heat ing  r a t e  15"C/min, end temperature 990°C. 

C u r i e - p o i n t  p y r o l y s i s  mass spectrometry was performed w i t h  an Ex t ranuc lear  5000-1 
ins t rument  under t h e  f o l l o w i n g  c o n d i t i o n s :  sample we igh t  20 pg (depos i ted  from a 
f i n e  suspension i n  MeOH), heat ing  r a t e  approx. lOO"C/s, end temperature 610°C, t o t a l  
h e a t i n g  t ime 10 s, e l e c t r o n  energy 12 eV, mass range scanned m/z 20-260, t o t a l  
number o f  spectra summed 150, t o t a l  scanning t ime 30 s. 
i n v o l v e d  normal iza t ion  o f  s i g n a l  i n t e n s i t i e s  by means of the  NORMA program [141 
fo l lowed by f a c t o r  a n a l y s i s ,  d i s c r i m i n a n t  a n a l y s i s  and canonical  v a r i a t e  a n a l y s i s  
u s i n g  the  SPSS program package [15]. 

TG/DTG analyses were 

Computerized da ta  a n a l y s i s  

RESULTS AND DISCUSSION 

The FSI was found t o  be a h i g h l y  s e n s i t i v e  i n d i c a t o r  o f  the  weather ing s t a t u s  o f  
these coa ls  w i t h  a s l i g h t ,  bu t  measurable d i o p  i n  FSI va lue  o c c u r r i n g  o v e r n i g h t  upon 
exposure of f resh coa ls  t o  a i r  a t  room temperature. T y p i c a l  FSI weather ing  p r o f i l e s  
a r e  shown i n  F igure  1. Since coa l  weather ing i s  o f t e n  accompanied by complex we igh t  
changes due t o  t h e  i n t e r p l a y  o f  f l u c t u a t i o n s  i n  mo is tu re  conten t  and o x i d a t i v e  
phenomena, a s e r i e s  of weather ing experiments was c a r r i e d  o u t  w h i l e  c a r e f u l l y  moni- 
t o r i n g  changes i n  sample weight,  as shown i n  F igure  2. Weight c o r r e c t e d  weather ing 
t rends  of several  convent ional  parameters are i l l u s t r a t e d  i n  F igure  3a and Table I 
showing how mis lead ing  r e s u l t s  a re  ob ta ined i f  the  o r i g i n a l  weight o f  the  non- 
weathered sample i s  unknown (as i s  u s u a l l y  the  case).  
cor rec ted  change i n  c a l o r i f i c  va lue  i s  -1.1% a f t e r  96 hours a t  80°C i n  a i r  and -2.1% 
a t  100°C i n  a i r .  

Much more i n f o r m a t i v e  about changes i n  r e a c t i v i t y  and s t r u c t u r e  a r e  t h e  Thermogravi- 
met ry  (TG) and D e r i v a t i v e  Thermogravimetry (OTG) da ta  i n  Figures 4 and 5 and, i n  
p a r t i c u l a r ,  the P y r o l y s i s  Mass Spectrometry (Py-MS) data i n  Figures 6, 7, 8 and 9. 
The TG/DTG p y r o l y s i s  data i n  F igures  4a and 5a would seem t o  support  a weather ing  
mechanism dominated by the  fo rmat ion  o f  c r o s s l i n k s  between coal  molecules, thereby  
causing a widening o f  t h e  temperature range o f  the  p y r o l y s i s  process and a decrease 
i n  t h e  maximum p y r o l y s i s  r a t e  accompanied by increased char  y i e l d s  w h i l e  having 
l i t t l e  o r  no i n f l u e n c e  t h e  maximum r a t e  temperature (-450°C). 
char  combustion runs i n  F igures  4b and 5b i n d i c a t e  a s i m i l a r  k i n e t i c  t r e n d  (de- 
creased r e a c t i o n  r a t e  and increased temperature range) b u t  are l e s s  d e f i n i t i v e  due 
t o  a lower l e v e l  of r e p r o d u c i b i l i t y  than i n  the  p y r o l y s i s  runs. 

I n s p e c t i o n  o f  the  p y r o l y s i s  mass spec t ra  i n  F igure  6 shows the s t r u c t u r a l  e f f e c t s  o f  
weather ing t o  be dominated by a decreased y i e l d  o f  pheno l ic  and naphtha len ic  moie- 
t i e s  and a r e l a t i v e  inc rease i n  the  y i e l d  o f  a l i p h a t i c  c a r b o x y l i c  and c a r b o n y l i c  
m o i e t i e s ,  as f u r t h e r  i l l u s t r a t e d  by the s c a t t e r  p l o t s  o f  se lec ted  peak i n t e n s i t i e s  
i n  F igure  7. 
c a l  e f f e c t s  o f  coa l  weather ing,  according t o  which the  process i s  c h a r a c t e r i z e d  by 
the fo rmat ion  o f  e t h e r  b r idges  between aromat ic n u c l e i  w i t h  concur ren t  r e d u c t i o n  i n  
f r e e  pheno l ic  hydroxy l  groups [16], and by the  o x i d a t i o n  o f  a l i p h a t i c  mo ie t ies  t o  
c a r b o n y l i c  and c a r b o x y l i c  f u n c t i o n a l  groups [17]. A more d e t a i l e d  p i c t u r e  o f  t h e  
complex changes i n  t h e  p y r o l y s i s  mass spec t ra  can be obtained by means o f  m u l t i -  
v a r i a t e  ana lys is  techniques such as d i s c r i m i n a n t  a n a l y s i s ,  as i l l u s t r a t e d  i n  F i g u r e  
8. The a p p l i c a t i o n  o f  these techniques t o  t h e  e v a l u a t i o n  o f  p y r o l y s i s  mass spec t ra  
of coa l  has been descr ibed elsewhere [14,18,19]. The d i s c r i m i n a n t  a n a l y s i s  r e s u l t s  
i n  F i g u r e  8 show t h a t :  ( a )  the  f i r s t  d i s c r i m i n a n t  f u n c t i o n  e x h i b i t s  no d e t e c t a b l e  
changes i n  the coa l  spec t ra  upon weather ing" a t  80°C i n  a n i t r o g e n  atmosphere, ( b )  

Note t h a t  t h e  we igh t  

The r e s u l t s  o f  t h e  

These f i n d i n g s  are  i n  e x c e l l e n t  agreement w i t h  c u r r e n t  views on chemi- 
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weathering e f f e c t s  a t  80°C and 100°C in  a i r  show s t rong  quan t i t a t ive  d i f fe rences ,  
( c )  several  o the r  s e r i e s  of aromatic, hydroaromatic and hydroxyaromatic compounds 
appear t o  decrease besides phenols and naphthalenes, and (d)  the changes i n  a l i -  
pha t ic  moieties a r e  much more complex than the simple formation of carbonylic and 
carboxylic groups, Examination of the  second discriminant function (not shown) 
confirmed the absence o f  de tec t ab le  changes a t  80°C i n  N2 b u t  revealed the  presence 
of s l i g h t  b u t  s i g n i f i c a n t  q u a l i t a t i v e  d i f fe rences  between the 80°C and 100°C 
weathering t rends ,  apparently ref1 ec t i  ng  t r ans i en t  chemical phenomena (peroxide 
formation?) during the weathering process. 

A1 though, a t  f i r s t  s i g h t ,  t he  "c l a s s i ca l "  coal weathering concept of c ross l ink ing  
through e the r  bridge formation between macromolecular chains appears t o  f i t  our ob- 
se rva t ions  q u i t e  we l l ,  modern views of v i t r i n i t e  a s  a binary system cons is t ing  of a 
"mobile" phase and a macromolecular "network" phase necess i t a t e  a rethinking of the  
c ross l ink ing  concept. The binary phase model, recent ly  sumar ized  by Given [20], 
assumes t h a t  up t o  50% o r  so of t he  bulk of the  coal sample cons i s t s  of r e l a t ive ly  
smal l ,  mobile molecules trapped i n  cages formed by a macromolecular network which 
makes u p  the remainder of t he  bulk. Direct evidence f o r  the presence of a trapped 
mobile phase can be obtained by Time-resolved Py-MS, as  shown in Figure 9. Approx- 
imately 50% of the Cz-alkylnaphthalene signal i n  Figure 9 is recorded well below 
typica l  pyro lys i s  temperatures f o r  covalent bonds but f a r  above t h e  expected vacuum 
d i s t i l l a t i o n  poin t  f o r  these  compounds. 
binary phase system i s  presented i n  Figure 10 ,  demonstrating t h a t ,  i n  p r inc ip l e ,  
th ree  p o s s i b i l i t i e s  f o r  intermolecular bond formation e x i s t  i n  such a system: (1 )  
"crosslinking" between network chains,  ( 2 )  "condensation" between mobile phase 
cons t i t uen t s ,  and (3 )  "graf t ing"  of mobile phase cons t i tuents  onto the  network 
chai ns . 
To obtain a b e t t e r  i n s i g h t  i n t o  the  behavior of the  two phases, f r e sh  and a r t i f i -  
c i a l l y  weathered (212 hrs a t  100°C in a i r )  Hiawatha coal samples were submitted t o  
vacuum d i s t i l l a t i o n  (30 hrs a t  180°C and 10-3 Tor r ) ,  pyridine ex t r ac t ion  (24 hrs i n  
Soxhlet e x t r a c t o r ) ,  sho r t  contac t  time (SCT) pyrolysis i n  a tubing bomb reac tor  
(2.5 g coal i n  5.0 g benzene, heating r a t e  20"C/s, end temperature 42OoC, t o t a l  
heating time 40 s ,  Hz pressure  1,000 psi i n i t i a l  t o  1,700 psi f i n a l )  and d i r e c t  
Curie-point Py-MS (1.5 X 10-5 g coal i n  vacuo, heating r a t e  lOO"C/s, end temperature 
610"C, t o t a l  heating time 10 s ) .  Subsequently, the  d i s t i l l a t e s ,  ex t r ac t s  o r  pyroly- 
za t e s ,  a s  well a s  the res idues  were analyzed by Py-MS. Preliminary r e s u l t s  a r e  
shown i n  Table I 1  and i l l u s t r a t e  the dramatic e f f e c t  of weathering on vacuum d i s -  
t i l l a t i o n  y i e l d s ,  pyr id ine  ex t rac t ion  y i e lds  and SCT tubing bomb reac tor  ( T B R )  
pyrolysis y i e lds .  The y i e ld  of the  small vacuum d i s t i l l a t e  f r ac t ion  (4%, dominated 
by alkylnaphthalenes;  see Figure l l a ) ,  shows a four fo ld  decrease upon weathering. 
The much l a r g e r  pyr id ine-ext rac tab le  f r ac t ion  (22%, a l so  dominated by a lkyl -  
naphthalenes but containing s ign i f i can t  cont r ibu t ions  from other  aromatic moieties;  
see Figure l l b )  decreases by a f a c t o r  of f i v e  t o  s ix  a f t e r  weathering. 

Hydroxyaromatics ( e .g . ,  phenols, dihydroxybenzenes), which a re  among the  most 
abundant homologous ion series i n  pyro lys i s  mass spec t ra  of f r e sh  whole coals (see 
Figure l l d )  a r e  near ly  absent i n  the  vacuum d i s t i l l a t e  (Figure l l a )  and r e l a t ive ly  
low in the  pyr id ine  e x t r a c t  (Figure l l b )  but make a more prominent appearance among 
the  SCT-TBR products shown i n  Figure l l c .  
p a r t i a l l y  produced through pyro ly t ic  bond sc i s s ions  and thus may represent  the net- 
work phase. Adaitionai support  f o r  ibis ioiiteiiii;n i: prnlvided by t h e  much smaller 
reduction f a c t o r  (2X) f o r  t h e  SCT-TBR y i e lds  from weathered coa l .  

A specula t ive  i n t e r p r e t a t i o n  of these findings m i g h t  envisage a mobile phase repre- 
senting 20-30% of t h e  bulk of t he  f resh  Hiawatha coal and undergoing a 4-6 fo ld  
reduction under the above weathering conditions.  Presumably, t h i s  reduction i s  due 
t o  the formation of s t rong  (d i a ry l e the r? )  bonds with hydroxyaromatic moieties i n  the 
network phase ( "g ra f t ing" ;  see Figure 10).  

A crude attempt t o  v i sua l i ze  the  proposed 

Probably these  hydroxyaromatics a re  

On t h i s  view, SCT pyro lys is  r e s u l t s  i n  
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p a r t i a l  degradat ion of  t h e  network i n t o  hydroxyaromatic compounds and o t h e r  sma l l ,  
mob i l e  molecules. However, t he  p y r o l y s i s  cond i t i ons  used appear t o  l eave  most o f  
t he  new bonds formed i n  t h e  weathering process i n t a c t ,  thus r e s u l t i n g  i n  a marked 
decrease i n  o v e r a l l  p y r o l y s i s  y i e l d s  f rom weathered coa ls .  

V i sua l  comparison o f  the  f o u r  MS pa t te rns  i n  F igu re  11 revea ls  an obvious t r e n d  t o -  
wards i nc reas ing  complex i ty  f rom the  vacuum d i s t i l l a t e  (F igu re  l l a )  t o  t h e  Cur ie -  
p o i n t  py ro l yza te  (F igu re  l l d ) .  For t h e  f i r s t  t h ree  f r a c t i o n s  t h i s  t rend  corresponds 
d i r e c t l y  w i t h  i nc reas ing  y i e l d s  ( f rom 4% f o r  t h e  vacuum d i s t i l l a t e  t o  38% f o r  t h e  
T8R py ro l yza te )  and, i f  ext rapolated,  would i n d i c a t e  a y i e l d  o f  between 40-50% f o r  
t he  Cur ie -po in t  pyro lyzate,  which i s  i n  good agreement w i t h  prev ious est imates f o r  
hvb Utah coals  [18]. 

A t  t he  same t ime, these observat ions h i g h l i g h t  t he  f a c t  t h a t  under SCT p y r o l y s i s  
cond i t i ons  some 50% o f  t h e  (m.a.f.) coa l  forms a char.  Th i s  char, which i s  d i f f i -  
c u l t  t o  analyze by most techniques c u r r e n t l y  a v a i l a b l e ,  m igh t  i n c o r p o r a t e  as much as 
2/3 of  the network phase. Th is  leads t o  the  ques t i on  whether t h e  p y r o l y s i s  products  
obta ined f rom the  network phase are rep resen ta t i ve  f o r  t h e  o v e r a l l  chemical s t r u c -  
t u r e  o f  the network. 
coa l ,  Given [20] concludes t h a t  i n  s p i t e  o f  a l l  a v a i l a b l e  data f rom s o p h i s t i c a t e d  
a n a l y t i c a l  methods, i n c l u d i n g  FTIR and 13C NMR, the  chemical na tu re  o f  t h e  network 
phase remains p r e t t y  much a mystery. 

I f the  b ina ry  phase concept i s  v a l i d  indeed, much e f f o r t  w i l l  have t o  be devoted t o  
the  e l u c i d a t i o n  o f  key s t r u c t u r a l  f ea tu res  o f  t he  macromolecular network i f  a more 
comprehensive p i c t u r e  o f  t h e  e f f e c t s  o f  weather ing on the  s t r u c t u r e  and r e a c t i v i t y  
o f  coals  i s  t o  be obta ined w i t h i n  the  foreseeable f u t u r e .  
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C a l o r i f i c  Value Fresh 80°C i n  ~ 2 ;  A* 
(BTU) 120 hours I (%)  

- as received 12028 12556 1+4.4 
- d r y  12457 12575 1+0.9 
- weight corrected 12028 12003 ,-0.2 

I 

8OoC i n  a i r :  A* IOOOC i n  a i r 1  A* 
96 hours I (%)  96 hours I (%) 

12299 1+2.3 12063 1+0.3 
12318 '-1.1 12078 '-3.0 
11893 1-1.1 11773 1-2.1 

I I 

TABLE I1  

WEATHERING EFFECTS ON HIAWATHA COAL PROCESS YIELDS 

Process 

Vacuum D i s t i l l a t i o n  
Py r id ine  E x t r a c t i o n  
SCT-TBR P y r o l y s i s  

% Y i e l d  

Fresh Coal Weathered Coal 

4 1* 
22 4 
38 17 

W W 
a 

:-  

F igure 1. E f f e c t  o f  
weathering a t  5OoC i n  
a i r  on FSI o f  coal 
samples from one B l i n d  
Canyon and two Hiawatha 
seam mines. 

\ 
\ 
b 

O b i  i i i j ' ' ' ' ID ' . ' . IS ' 
WEATHERING TIME (DAY) 
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Figure 2.  Effect of weathering 
on weight of Hiawatha seam coal .  
Note usefulness of control 
samples in  N2 f o r  d i s t inguish ing  
e f f e c t s  of moisture l o s s  (-4.4%) 
from e f f e c t s  of ox ida t ive  weight 
gain.  Error bars represent  
range o f  values f o r  t h ree  inde- 
pendently weathered a l i q u o t s .  

EEZY 80% in N2 -80% in air I IOOOC in air 

fixed 
carbon matter carbon 

Figure 3 .  Effect of weathering on proximate ana lys i s  of Hiawatha coa l .  
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a) fresh coal 
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1.0. 

b) ofter 138 hours at 80°C in N2 
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VI gl 

c) ofter 96 bars at 8ooc in air 

d) after 96 hours ot 100°C in air 
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m h  

Figure 6. 
samples. 

( 8 O O C  in N2) and obvious changes in spec t ra  c )  ( 8 O O C  in  a i r )  and d)(lOO°C i n  a i r ) .  
Overall weathering e f f e c t s  appear t o  be: decreased aromatic s e r i e s ;  increased 
carbonylic (CnH2nO) and carboxylic (CnH2n02) s e r i e s ;  decreased H S peak (m/z 34) ;  
increased C02 (m/z 44) and SO2 (m/z 64) peaks; increased MeOH so?vent r e t en t ion  
(m/z 23);  a l t e r ed  d i s t r i b u t i o n  of a l i p h a t i c  hydrocarbon s e r i e s .  
fragment ion peak a t  m/z 149 may be due t o  contamination. 

Curie-point pyro lys i s  mass spec t ra  of f r e sh  and weathered Hiawatha coal 
Note h i g h  degree of s i m i l a r i t y  between spec t ra  a )  ( f resh coa l )  and b) 

The phtha la te  
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Figure 9. 
alkylnaphthalenes),  m/z 158 ( e .g . ,  methylnapthol and/or C2-alkyl dihydro- 
naphthalenes) and  m/z 160 (e .g . ,  C2-alkyl t e t r a l i n s )  during Curie-point pyrolysis 
of a 20 pg sample from a hvb  Wasatch Plateau coal .  Note bimodal charac te r  of the 
signal a t  m/z 156. 

Time-resolved recording of the mass peaks a t  m/z 156 (mainly C2- 

1 - CROSSLINKING 
2 - CONDENSATION 
3- GRAFTING 

Figure 10. Highly schematized representa t ion  of a l l  th ree  poss ib le  types of 
weathering-induced bridge formations in a binary phase (mobile phase/network 
phase) coal model. 
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\ A) VACUM MSTILLATE 

I '  
\ 

B) P Y R I N  EXTRACT 

I- 
L C) TBR WRClYZAlE 

40 €0 80 DO 120 140 160 180 200 220 240 260 
mR 

F i g u r e  11. C u r i e - p o i n t  d e s o r p t i o n / p y r o l y s i s  mass spec t ra  o f  t a r  f r a c t i o n s  
from a nonweathered ( " f r e s h " )  Hiawatha c o a l  ob ta ined b y  d i f f e r e n t  
techniques. Compare w i t h  Table I .  Note i n c r e a s i n g  complex i ty  
f rom a t o  d (exaggerated i n  d by t h e  presence o f  gaseous, low 
molecu la r  weight products,  e.g., a lkenes, l o s t  d u r i n g  c o l l e c t i o n  
of a-c) .  Peaks l a b e l e d  "P" represent  p y r i d i n e  res idues  and/or 
background s i g n a l s .  

f 
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THE ACTIVITY OF C U - Z n O - A l 2 O j  METHANOL SYNTHESIS CATALYSTS 

G c C h i n c h e n ,  P J Denny, D G P a r k e r ,  G D S h o r t ,  
M S S p e n c e r ,  K C Waugh) and  D A Whan 

Imperial C h e m i c a l  I n d u s t r i e s  PLC, A g r i c u l t u r a l  D i v i s i o n ,  
PO Box N o  1, B i l l i n g h a m .  C l e v e l a n d ,  Eng land  

+ I C 1  N e w  S c i e n c e  Group,  Runcorn  H e a t h ,  Runcorn ,  
C h e s h i r e ,  E n g l a n d  

Methanol is made ( 1 )  w i t h  g r e a t e r  t h a n  99% s e l e c t i v i t y  when a 
h i g h  p r e s s u r e  g a s  m i x t u r e  o f  CO, CO1 and  H 2  is p a s s e d  o v e r  a 
c a t a l y s t  c o n t a i n i n g  Cu, 2n0  a n d  A 1 2 0 3  a t  be tween  220'C a n d  
300'C. O t h e r  t h a n  t h a t  t h e  react ion is e x o t h e r m i c  t h e r e  
seem to b e  f ew f u r t h e r  f a c t s  a b o u t  wh ich  c o m p l e t e  a g r e e m e n t  
e x i s t s  ( 2 ,  3 ) .  Wi th  i n c r e a s i n g  e m p h a s i s  b e i n g  p l a c e d  
w o r l d w i d e  on  m e t h a n o l  s y n t h e s i s  p r o c e s s e s  b e c a u s e  of  t h e  
p o s s i b l e  role which  m e t h a n o l  may p l a y  i n  t h e  f u t u r e  e i t h e r  a s  
a f e e d s t o c k  o r  a f u e l ,  t h e r e  is now a c o n s i d e r a b l e  i n t e r e s t  
i n  t h e  c h e m i s t r y  o f  t h e  s y n t h e s i s  r e a c t i o n .  W e  have  s o u g h t  
f o r  many y e a r s  t o  g a i n  a n  u n d e r s t a n d i n g  of  t h e  mechanism of 
m e t h a n o l  s y n t h e s i s  on  Cu-ZnO-A1 O3 c a t a l y s t s  f o r  t h e  p u r e l y  
p r a g m a t i c  r e a s o n  t h a t  w e  hope  t i e r e b y  t o  d i s c o v e r  ways o f  
i m p r o v i n g ,  s t i l l  f u r t h e r ,  t h e  a l r e a d y  i m p r e s s i v e  p e r f o r m a n c e  
c h a r a c t e r i s t i c s  of  t h e s e  c a t a l y s t s .  

Our  a p p r o a c h  has  b e e n  t o  a p p l y  a wide  r a n g e  of  t e c h n i q u e s ,  
p a r t i c u l a r  e m p h a s i s  b e i n g  p l a c e d ,  where  p o s s i b l e ,  on t h e  use 
of p r a c t i c a l  c a t a l y s t s  u n d e r  i n d u s t r i a l  w o r k i n g  c o n d i t i o n s ,  
w i t h  t h e  aim o f  a n s w e r i n g  t h e  f o l l o w i n g  q u e s t i o n s :  

( i )  

( i i )  

I ( i i  

( i v  

(V 1 

Is m e t h a n o l  s y n t h e s i s e d  f rom CO or COz?  

What is t h e  s t a t e  of t h e  c o p p e r  i n  a work ing  
c a t a l y s t ?  

What roles a re  p l a y e d  by t h e  ZnO and  A 1 2 0 3  componen t s  
i n  t h e  c o m m e r c i a l  c a t a l y s t ?  

What is t h e  mechanism a n d  which  r e a c t i o n  s t e p  is ra te  
d e  termi n i n g ?  

What are t h e  a c t i v e  s i t e s  f o r  m e t h a n o l  s y n t h e s i s  on  a 
Cu/ZnO/A1203 c a t a l y s t ?  



MEASUREMENT OF CATALYST ACTIVITY 

Activity is determined under standard conditions of 250"Ct 
50 atms, SV 40,000 hrs-', gas composition 10% CO, 3% C O z ,  67% 
H2, 20% N 2  in standardised pseudoisothermal reactors 
operating from a single large gas battery with a common 
purification system. Each catalyst sample is reduced under 
standard conditions (5% H2 in N 2  at 1 atm for 15 hrs) and 
exposed to reaction gas for pre-set periods of time. TO a 
first approximation, activity is proportional to methanol 
concentration in the outlet gases - an assumption reasonably 
defensible provided catalyst activity does not vary to0 
widely between samples, and as long as equilibrium is not 
closely approached. The reproducibility of activity 
measurements is shown by the exit concentration of methanol 
(measured to 99% confidence limits) from 23 replicate runs 
with a standard industrial catalyst. An arbitrary activity 
Of unity was assigned to this catalyst. 

\ 

1,' 
I 

THE ROLE OF CARBON DIOXIDE 

I i In 1975 Kagan et a14 reported work with labelled carbon 
oxides which showed that methanol synthesis proceeds through 
carbon dioxide rather than carbon monoxide eg 

CO + H20 + C02 + H2 + CH30H + H20 (1) 

This work has been repeated and confirmed by us. 
as a component, gas containing equal moles of CO and CO has 
been reacted over the standard Cu-Zn0-A1203 catalyst under 
the standard conditions as described above. Space velocity 
was varied between 10,000 and 240,000 hrs-1 and the exit 
gases analysed for the separated components and their 
corresponding radioactivities measured. Results are shown 
in Figure 1 and reveal clearly that synthesis proceeds via 
carbon dioxide. 'Scrambling' of radioactivity via the shift 
react ion: 

With I4CO2 

is negligible at high space velocities and indicates that 
under methanol synthesis conditions the reverse water gas 
shift reaction (ie left to right above) is slower than the 
methanol synthesis reaction. This coupled with the fact that 
methanol radioactivity is always higher than that of the C02 
suggests there may be no intermediate common to the water gas 
shift and synthesis reaction. 

J 
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THE STATE OF COPPER IN A WORKING CATALYST 

A c c u r a t e  m e a s u r e m e n t  o f  t h e  c o p p e r  s u r f a c e  area of r e d u c e d  
C U - Z ~ O - A ~ ~ O  c a t a l y s t s  by t h e  use o f  t h e  r e a c t i o n  be tween  
n i t r o u s  o x i d e  a n d  s u r f a c e  c o p p e r  a t o m s  is now r o u t i n e  and  
r e p r o d u c i b l e .  

The method h a s  been d e s c r i b e d  by p r e v i o u s  a u t h o r s  ( 5 ,  6 )  and  
i n  i ts most c o n v e n i e n t  f o r m  t h e  e v o l u t i o n  o f  n i t r o g e n  
f o l l o w i n g  a p u l s e  of  n i t r o u s  o x i d e  is m e a s u r e d .  Wi th  t h i s  
t e c h n i q u e  a number o f  Cu-ZnO-A1203 c a t a l y s t s  o f  d i f f e r e n t  
s y n t h e s i s  a c t i v i t y  and  c o v e r i n g  a r a n g e  o f  c o p p e r  p a r t i c l e  
s i z e s  h a s  been  examined .  The r e s u l t s  shown i n  F i g u r e  2 
i l l u s t r a t e  a l inear  d e p e n d e n c e  o f  s y n t h e s i s  a c t i v i t y  on  t o t a l  
c o p p e r  s u r f a c e  area.  

I n  t h i s  w o r k  w e  have  a d h e r e d  t o  t h e  s t a n d a r d  r e d u c t i o n  
p r o c e d u r e  b e c a u s e  t h e  r e s u l t i n g  s u r f a c e  is r e p r e s e n t a t i v e  o f  
t h e  i n i t i a l  s t a t e  of  t h e  rea l  c a t a l y s t  s u r f a c e  i n  i n d u s t r i a l  
u s e .  R e d u c t i o n ,  however  w i t h  e i t h e r  CO or p u r e  H results 
i n  a 25% i n c r e a s e  i n  c o p p e r  s u r f a c e  a r e a  s h o w i n g  t 6 a t  some 
c o p p e r  s t i l l  r e m a i n s  o x i d i s e d  a f t e r  s t a n d a r d  r e d u c t i o n  
t r e a t m e n t .  

The a v a i l a b l e  m e t a l  s u r f a c e  a r ea  a s s o c i a t e d  w i t h  a work ing  
c a t a l y s t  s u r f a c e  c a n  be measu red  i n  a v a r i a t i o n  o f  t h e  
t e c h n i q u e  by s w e e p i n g  t h e  w o r k i n g  s y s t e m  c l e a n  w i t h  i n e r t  g a s  
and t h e n  s w i t c h i n g  i n  a p u l s e  of  n i t r o u s  o x i d e .  The 
e f f i c a c y  o f  t h i s  t r e a t m e n t  c a n  be  m e a s u r e d  by f u l l y  re- 
r e d u c i n g  t h e  o x i d i s e d  s u r f a c e  and  r e d e t e r m i n i n g  t h e  t o t a l  
s u r f a c e  area to  e n s u r e  t h a t  n o  i r r e v e r s i b l e  s u r f a c e  c h a n g e s  
have  o c c u r r e d .  R e s u l t s  shown i n  T a b l e  1 r e v e a l  t h a t  a b o u t  
30% o f  t h e  i n i t i a l  c o p p e r  s u r f a c e  o f  a t y p i c a l  i n d u s t r i a l  
c a t a l y s t  is u n a v a i l a b l e  f o r  r e a c t i o n  w i t h  n i t r o u s  o x i d e  
u n d e r  w o r k i n g  c o n d i t i o n s ,  i e  i s  p r o b a b l y  o x i d i s e d .  The 
p r o p o r t i o n  o f  o x i d i s e d  si tes on  t h e  w o r k i n g  s u r f a c e  w i l l  
a l m o s t  c e r t a i n l y  b e  a f u n c t i o n  o f  t h e  r a t i o s  o f  c a r b o n  
d i o x i d e  t o  c a r b o n  monoxide  and  o f  steam to h y d r o g e n  a s  w e l l  
a s  t e m p e r a t u r e .  The c a t a l y s t  s u r f a c e  is t h e r e f o r e  i n  a 
dynamic  s t a t e  a n d  i t  may be a n t i c i p a t e d  t h a t  t h e  n a t u r e  o f  
t h e  s u r f a c e  w i l l  v a r y  i n  a f i x e d  bed reac tor  f rom t o p  t o  
b o t t o m ,  b e i n g  a f u n c t i o n  o f  t h e  a m b i e n t  g a s  c o m p o s i t i o n .  
T h i s  e m p h a s i s e s  t h e  u n c e r t a i n t i e s  i n h e r e n t  i n  e x t r a p o l a t i n g  
from e x p e r i m e n t a l  r e s u l t s  o b t a i n e d  u n d e r  c o n d i t i o n s  d i f f e r i n g  
s i g n i f i c a n t l y  f r o m  t h o s e  used  p r a c t i c a l l y .  

The o x i d i s e d  s u r f a c e  o f  t h e  c o p p e r  c r y s t a l l i t e s  p r o b a b l y  
c o n s i s t  p a r t l y  o f  o ( 3 d s )  and  O H ( a d s ) ,  
t h e s e  s p e c i e s  v i a  hy r o g e n  and  water is w e l l  e s t a b l i s h e d  
(7-9) a n d  l i k e l y  t o  o c c u r  u n d e r  m e t h a n o l  synthesis 
c o n d i t i o n s .  

The  i n t e r c h a n g e  o f  
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THE ROLE OF SUPPORT OXIDES 

The establishment of a correlation between copper surface 

for the supporting oxides in the detailed mechanism of 
synthesis. For example, some essential, but not rate- 
determining, steps in the reaction mechanism may occur on the 
support. Alternatively, if the surface/adsorbate complex 
involved in the rate determining step were a copper species, 

zinc oxide (zinc-copper contiguity) then the copper surface 
area correlation given above would still be obtained. 

However, certain possible roles can be ruled out, for 
example, rate determining adsorption of any species onto a 
zinc or aluminium site. 

One way in which evidence can be brought to bear on the role 
of zinc or aluminium oxides is to prepare high area catalysts 
in which one or the other oxide is omitted and to measure the 
activity/unit copper area compared with a standard copper- 
zinc-alumina catalyst. This has been done for a series of 

) binary compositions containing copper allied respectively 
with the oxides of aluminium, manganese and magnesium. 
Results are shown in Figure 3 and compared with the standard 
Cu-Zn0-A1203 correlation. To a first approximation they 
reveal, surprisingly, no unique role for either zinc oxide or 
alumina in determining methanol synthesis activity. The 
copper surface areas of these catalysts under synthesis 
conditions are given in Table 1. 
catalysts, re-reduction gave an increase in copper area in 
all but one sample, but the proportion of copper surface 
covered by oxide was always much smaller. The high level of 
surface oxidation in copper/zinc catalysts may be a 
consequence of surface brass formation. 

The area measurements therefore strongly suggest that only 
copper metal/copper oxide and probably only the copper metal 
surface is implicated in the rate determining step of 
synthesis and any oxide with appropriate basicity is 
substantially equally effective in promoting copper surface 
area and corresponding synthesis activity. Considerations 
of catalyst stability are, of course, not pertinent at this 
point. 

\ area and methanol synthesis activity does not rule out a role 

\ 
'\ 

\ the presence of which was determined by juxtaposition with 

a 

As with the Cu-Zn0-Al2O3 

MECHANISM OF METHANOL SYNTHESIS 

The combination of temperature programmed desorption (TPD) 
and, temperature programmed reaction spectroscopy (TPRS) has 
been used to examine the mechanism via adsorption, desorption 
and decomposition of reaction intermediates. These 
techniques have shown that on Cu/ZnO/A1203 catalysts, the 
observed intermediate on the surface of the Cu and ZnO 
components of the catalyst is the formate species. Methanol 
adsorption (Figure 4 )  at room temperature on to a catalyst in 
which the surface copper is about 25% oxidised (see above) 
was characterised by two main peaks in the desorption 
spectrum: (i) by the coincident desorption of H2 and C 0 2  at 
a peak maximum temperature of 440K - a fingerprint of the 
existence of a formate species adsorbed on the copper 
component (10) and (ii) by the coincident desorption of H2 
and co at 580K - characteristic of a formate species adsorbed 
on zinc oxide (11, 12). 

/ . I  
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The same two f o r m a t e  s p e c i e s  are o b s e r v e d  a f t e r  t h e  
a d s o r p t i o n  of f o r m a l d e h y d e  on t h i s  p a r t i a l l y  o x i d i s e d  
c a t a l y s t ,  i n  a d d i t i o n  t o  which  m e t h a n o l  i t s e l f  is d e s o r b e d  a t  
360 K .  T h i s  l a t t e r  is c h a r a c t e r i s t i c  o f  d e s o r p t i o n  o f  
m e t h a n o l  f r o m  c o p p e r  110  ( 1 3 ) ,  s u g g e s t i n g  t h a t  i t  h a s  i n  f a c t  
been  formed o n  t h e  c o p p e r  component  o f  t h e  c a t a l y s t  i n  
p r e f e r e n c e  to  t h e  z i n c  o x i d e  component .  

A p o i n t e r  to  t h e  ra te  d e t e r m i n i n g  s t e p  on  t h e  c o p p e r  
component  of  t h e  c a t a l y s t  and  a n  i n d i c a t i o n  o f  t h e  role  o f  
t h e  s u p p o r t  i n  t h e  mechanism is t o  be f o u n d  i n  microreactor 
e x p e r i m e n t s  ( 1  a t )  o n  a C u / A 1  O 3  c a t a l y s t .  F o l l o w i n g  CHBOH 
s y n t h e s i s ,  TPRS showed t h a t  t6e f o r m a t e  s p e c i e s  e x i s t e d  on  
t h e  s u r f a c e  o f  t h e  c o p p e r  u n d e r  s t e a d y  s t a t e  m e t h a n o l  
s y n t h e s i s  c o n d i t i o n s  ( C 0 2 / H  f e e d ,  220 'C) ;  t h e  same f o r m a t e  
s p e c i e s  was o b s e r v e d  a f t e r  8 o s i n g  t h e  c a t a l y s t  c o n t i n u o u s l y  
w i t h  t h e  same f e e d  (CO,/H ) ,  b u t  a t  100'CI when no  d e t e c t a b l e  
r e a c t i o n  o c c u r r e d l  i e  n e i z h e r  m e t h a n o l  s y n t h e s i s  n o r  r e v e r s e  
s h i f t .  The r a t e  d e t e r m i n i n g  s t e p  i n  t h e  c o n v e r s i o n  o f  C 0 2  
and  H2 t o  m e t h a n o l  on  t h e  c o p p e r  component  of  t h e  c a t a l y s t  
occurs t h e r e f o r e  a f t e r  f o r m a t i o n  o f  t h e  s u r f a c e  f o r m a t e  
s p e c i e s  - p r o b a b l y  t h e  h y d r o g e n o l y s i s  of t h e  a d s o r b e d  
f o r m a t e .  TPD e x p e r i m e n t s  on  t h e  C u / A 1 2 0 3  c a t a l y s t  and on  
A 1 , O  a l o n e  showed t h e  CO, t o  be a d s o r b e d  on  t h e  a l u m i n a  
i t s e j f ,  s u g g e s t i n g  t h a t  a role of t h e  b a s i c  s u p p o r t  ( b o t h  
A l 2 O 3  and  ZnO) i s  t h e  a d s o r p t i o n  o f  t h e  C O S .  T h i s  c o u l d  
t h e n  react  a t  t h e  s u p p o r t / c o p p e r  i n t e r f a c e  w i t h  hydrogen  
a t o m s  a d s o r b e d  o n  t h e  c o p p e r l  f o r m i n g  a f o r m a t e  s p e c i e s  on  
t h e  c o p p e r  s u r f a c e ,  t h e  r a t e  d e t e r m i n i n g  s t e p  p r o b a b l y  b e i n g  
t h e  h y d r o g e n o l y s i s  o f  t h i s  a d s o r b e d  f o r m a t e .  

A l t e r n a t i v e l y ,  a t  w o r k i n g  p r e s s u r e s  (50 -100  a t ) ,  C 0 2  may 
a d s o r b  o n  t h e  p a r t i a l l y - o x i d i s e d  c o p p e r  s u r f a c e  and  t h e n  
r e a c t  i n  t h e  same way. Such  a d s o r p t i o n  o f  C 0 2  h a s  been  
r e p o r t e d  by  S t o n e  a n d  T i l l e y  ( 1 4 )  f o r  a c o p p e r  s u r f a c e ,  
p a r t i a l l y  o x i d i s e d  by m o l e c u l a r  o x y g e n .  I t  is c l e a r  f rom 
t h e s e  r e s u l t s  a n d  t h o s e  d e s c r i b e d  a b o v e ,  t h a t  t h e  a d s o r p t i o n  
o f  C 0 2  is  n o t  rate d e t e r m i n i n g .  

The n a t u r e  o f  t h e  a d s o r b e d  C 0 2  h a s  been  s u g g e s t e d  i n  a b  
i n i t i o ,  s e l f  c o n s i s t e n t  f i e l d  molecular o r b i t a l  
c a l c u l a t i o n s  ( 1 5 )  which  showed t h a t  u n l i k e  o t h e r  p o s s i b l e  
molecular i n t e r a c t i o n s  n o  e n e r g y  b a r r i e r  e x i s t e d  f o r  t h e  
r e a c t i o n  of h y d r o g e n  atoms w i t h  COY.  

The o v e r a l l  m e t h a n o l  s y n t h e s i s  mechanism f rom C 0 2  and  
h y d r o g e n  c a n  t h e r e f o r e  be w r i t t e n  a s :  

( 4 )  

where  t h e  s u b s c r i p t  a and  g re la te  t o  a d s o r b e d  and  gas  p h a s e  
species r e s p e c t i v e l y .  The n e g a t i v e  c h a r g e  on t h e  a d s o r b e d  
C 0 2  a n d  formate s p e c i e s  may be less t h a n  u n i t y .  
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The mechanism d o e s  n o t  s p e c i f y  wh ich  o f  t h e  t h r e e  
h y d r o g e n a t i o n  s teps  r e p r e s e n t e d  by reaction 4 is rate  
d e t e r m i n i n g ,  b u t  i t  seems l i k e l y  t h a t  it is t h e  s tep  w h i c h  < i n v o l v e s  ca rbon-oxygen  bond b r e a k a g e ,  ie  h y d r o g e n o l y s i s .  

However, as r e a c t i o n  4 shows,  e a c h  c o p p e r  s i t e  a t  w h i c h  
m e t h a n o l  is s y n t h e s i s e d  w i l l  become o x i d i s e d  a s  a c o n s e q u e n c e  
o f  t h e  s y n t h e s i s  r e a c t i o n .  T h e s e  o x i d i s e d  sites c o n s t i t u t e  
i n  t h e  s t e a d y  s t a t e  some 30% o f  t h e  t o t a l  s u r f a c e  a v a i l a b l e  
i n i t i a l l y  f o l l o w i n g  r e d u c t i o n  (see T a b l e  11, t h e  s t e a d y  s t a t e  
b e i n g  m a i n t a i n e d  by t h e  r e a c t i o n s  o f  CO ( 1 6 )  and  H2 (8) w i t h  
O( a d s  ) * 

O x i d a t i o n  of CO on  p a r t i a l l y  o x i d i s e d  c o p p e r  c o n s t i t u t e s  p a r t  
o f  t h e  s h i f t  r e a c t i o n ,  w h i l e  TPRS shows t h a t  CO i s  n o t  a \ p r o d u c t  o f  C u ( 1 )  f o r m a t e  d e c o m p o s i t i o n .  The s h i f t  r e a c t i o n ,  

1 

, t h e r e f o r e ,  u n d e r  m e t h a n o l  s y n t h e s i s  c o n d i t i o n s  on  Cu-ZnO- 
A 1 2 0 3  c a t a l y s t s  d o e s  n o t  i n v o l v e  t h e  f o r m a t e  i n t e r m e d i a t e  
c o n t r a r y  t o  p r e v i o u s  s u g g e s t i o n s  ( 1 8 ) .  

Thus :  

C 0 2  + H2 % X # C H B O H  x ( 5 )  

CO i' H20 

The mechanism p r o p o s e d  r e s e m b l e s  t h a t  f o u n d  (11, 12, 19) 
e a r l i e r  f o r  t h e  s y n t h e s i s  of  m e t h a n o l  f r o m  C 0 2  a n d  H, o v e r  
z i n c  o x i d e .  T h i s  r e a c t i o n  is s e v e r a l  o r d e r s  of m a g n i t u d e  
slower t h a n  c o p p e r - c a t a l y s e d  s y n t h e s i s  and  it  p l a y s  n o  p a r t  
i n  t h e  r e a c t i o n  o v e r  Cu/ZnO/A1,03 c a t a l y s t s .  

THE ACTIVE SITE 

The e x p e r i m e n t a l  r e s u l t s  i n d i c a t e  t h a t  t h e  a c t i v e  s i te  f o r  
m e t h a n o l  s y n t h e s i s  c o n s i s t s  o f  a c o p p e r ( 0 )  s u r f a c e  atom i n  
close p r o x i m i t y  to a n  o x i d e  s u r f a c e  s i te.  T h e s e  sites a r e  
formed i n  t h e  f i r s t  i n s t a n c e  by r e d u c t i o n  w i t h  H2, t h e  number 
o f  s u c h  sites b e i n g  d e t e r m i n e d  by t h e  H :H 0 and CO:CO, 
r a t i o s .  T h i s  v i e w  i s  v e r y  s i m i l a r  t o  {hag p r o p o s e d  by 
Okamoto e t  a1 ( 1 7 1 ,  f o l l o w i n g  t h e i r  s t u d y  of  r e d u c e d  CuO-ZnO 
s u r f a c e s  by XPS. F r o m  w o r k  by Habraken  e t  a1 ( 1 6 ) ,  and  
Mesters e t  a1 ( a ) ,  CO reacts f a s t e r  t h a n  H w i t h  O(*), b u t  
w i t h  a s i g n i f i c a n t  a c t i v a t i o n  e n e r g y ,  so it is p o s s i b l e  t h a t  
t h e  CO:CO, r a t i o  i s  t h e  more i m p o r t a n t .  
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CONCLUSIONS 

M e t h a n o l  s y n t h e s i s  over Cu-ZnO-A1 O3 c a t a l y s t s  occurs V i a  
c a r b o n  d i o x i d e  h y d r o g e n a t i o n  on t i e  p a r t i a l l y  o x i d i s e d  c o p p e r  
s u r f a c e .  O x i d e  s p e c i e s  may p l a y  a d i r e c t  p a r t  i n  t h e  
s y n t h e s i s  by p r o m o t i n g  a b s o r p t i o n  o f  CO a t  t h e  c o p p e r - o x i d e  
i n t e r f a c e ,  r e a c t e d  COX b e i n g  r e p l e n i s h e i  v i a  t h e  s h i f t  
r e a c t i o n  which  o c c u r s  a t  d i f f e r e n t  s i t es  a n d  by a d i f f e r e n t  
mechanism f r o m  m e t h a n o l  s y n t h e s i s .  O v e r a l l ,  CO can react a t  
a n y  o x i d i c  or h y d r o x i d i c  c o p p e r ( 1 )  s i t e ;  m e t h a n o l  s y n t h e s i s  
p r o b a b l y  o c c u r s  a t  c o p p e r ( O ) / c o p p e r ( I )  s i t e s .  

T a b l e  1 

T o t a l  c o p p e r  area, d u r i n g  use a n d  c o p p e r  a rea  f o l l o w i n g  use 

o f  a s t a n d a r d  Cu/Zn/A1203 c a t a l y s t  a n d  v a r i o u s  b i n a r y  

c o p p e r / m e t a l  o x i d e  c a t a l y s t s  [m2 per g c a t a l y s t  c h a r g e d ] .  

S t a n d a r d  m e t h a n o l  s y n t h e s i s  c o n d i t i o n s .  

CATALYST 

Cu-Zn-A1203 

Cu-Mg0 60  : 40 

6 0  L 30 : 1 0  

Cu-Mg0 20:80 

Cu-Mg0 40 : 60 

Cu-MgO 60:40 

Cu-A1203 2 0 : 8 0  

Cu-A1203 40  : 60 

Cu-A1 203 60:40 

Cu-MnO 20 : 80 

Cu-MnO 40:60 

Cu-nnu 60 : 40 

Cu AREA 
AFTER 

EDUCT I ON 

32 .2  

9.0 

22.6 

5.9 

14.9 

1 1 . 7  

19.9 

12 .7  

15.6 

1 5 . 7  

23.9 

RELATIVE 
INITIAL 
4CTIVITY 
PER g 
ZATALY ST 

1 .o 

0 . 1 5  

0 . 2 1  

0 . 1 3  

0 . 2 7  

0 . 4 5  

0.5 

0 . 4 0  

0 . 3 0  

0 . 2 8  

0.38 

19 March 1 9 8 4  
SM/L81A14 
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Cu AREA 
AFTER 

ACTIVITY 
TEST 

1 9 . 6  

7 .5  

23.4 

6.1 

13.0 

10.6 

11.2 

1 2 . 2  

1 4 . 1  

15 .4  

2 4 . 7  

Cu AREA 

i E -  REDU CTI ON 
AFTER 

29.2 

8.6 

- 
6.4 

13 .7  

- 
20.5 

1 1 . 6  

1 6 . 0  

16 .8  

2 6 . 2  
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Methanolization under pressure of carbon oxides and their  mixture on Cu-ZnO-A120g 
catalysts. Role of carbon dioxide. 

I 

+J. THIvoLLE-cAZA!l', R. BM(DET, Y. TRAMBOOZE. 

I n s t i t u t  de Recherches sur l a  Catalyse 

2, Av. A.Einstein 69626 VILLEURBANNE CQdex FRANCE 

I\ I 

\ 

\ 
The hydrogenation of carbon oxides into methanol i s  a reaction knoun f o r  

a long time. Fonuely it w a s  believed tha t  methanolization of C02 proceeded v i a  the 
intermediacy of CO ( 1 ) .  More recently, Bashkirov e t  Al.(2) have shown that reduction 

of C02 into CO and methanol could not be consecutive reactions since they both took 

place when contact time tended to  zero; they reported as Temkin e t  Al.(3) that 
methanol formation from CO decreased dramatically i f  the presence of C02 or water 

w a s  s t r i c t ly  eliminated from the reactive gases. Then i t  waa concluded that methano- 
l i za t ion  of C02 proceeded through a d i rec t  pathway whereaa that of CO involved the 

intermediacy of COP through the water gas s h i f t  reaction. On the contrary, Klier 

e t  Al.(4) proposed that the role of C02 in a mixture of carbon oxides is to keep 

the catalyst in an oxidation s ta te  favourable t o  CO hydrogenation which was regarded 

aa the main reagent leading to  methanol. We report here some results which support 

the hypothesis of Bashkirov but do not exclude the oxidative role of C02. 

i 
i 
\ 

E X p E R r n &  

The CuO-ZnO-Al 0 

2 

(65/25/10) catalyst  used is an industrial  one prepared by 
2 3  

precipitation of n i t ra tes  udxture by potassium carbonate at pH 7. Its surface area 

i s  about 50 m /g. 5mg of t h i s  catalyst  diluted in 500 mg of quartz powder are 

introduced in a 1/4" di f fe ren t ia l  flow reactor and reduced for  12 hr at 3WoC in 

a hydrogen stream (31/hr; heating rate: 3OC/m). Then the mixture of reactive gases 

(CO + 2H2, C02 + 3H2, or 23CO + 7C02 + 70H2) kept in a pressurized s t ee l  container 

i s  passed throu@ the catalytic bed (22bar. 21/hr), depressurized downstream the 

reactor in a heated upstream pressure regulating valve and chromatographically 

analyzed on line. 
Bigher conversion experiments are performed in a 3/8" integral flow reactor 

(22bar, 2l/hr, 2,2g of catalyst);  downstream the reactor, the products are par t ia l ly  

trapped at ambient temperature and effluent gases are analyzed as above. All 
reactive gas mixtures are used with the i r  residual moisture. 

RESOLTS AND DISCUSSION 
The results obtained in the d i f fe ren t ia l  flow reactor (22bar, 21/hr, 5mg of 

cat&&) are represented in the figure. As obsemed under atmospheric pressure (51, 
the formation of methanol .mder 22bar. from either CO or C02 shows a marimurn versus 

i tempernfure. The marimum obtained from C02 is higher and situated a t  a lover 

temperature than that  from CO. Ymreover the only significant by-product from C02 
is CO, whereas hydrocarbons and h i a e r  alcohols are formed in important proportions 
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from CO. Thus the methanolization of C02 under the present conditions proves t o  be 

more active, more selective and to proceed a t  a lower temperatae than that of CO. 

These re.mlts support the hypothesis of Bashkirov (2) according which C02 can be 

hydrogenated d i rec t ly  into methanol, without the intermediacy of CO; indeed the 

methanolization of C02 proceeds a t  a temperature which does not allow significant 

hydrogenation of CO. Thus the hydrogenation of CO and C02 must involve two distinct 

reaction pathways, the l a t t e r  being more rapid. Nevertheless these results are i n  
disagreement with those of Klier e t  Al. (4 )  who observed that hydrogenation of CO 

in to  methanol was more active and selective than that of CO und concluded in the 

opposite way. ?he difference in catalyst composition and preparation may be the 
reason of such a divergence since Sneeden e t  A l .  (6)  observed that the ra t io  of 

methanol formation maxima from CO and CO 

of the catalyst. 

of catalyst) ,  whose resu l t s  are reported in table 1.  

Table 1 : Conversion of carbon orides in to  methanol(&) and methanol concentrations 

measured(C;d) or theorit ical  equilibrium values(Ceq) a t  determined temperatures. 

2 

could be reversed by changing the nature 2 

Experiments were also performed i n  the integral  reactor (2?bmu, 21/hr; 2,2g 

Reagents T O C  d Q Ceq 

co + 2H2 246 11.6 4.5 11 

23CO + 7C02 + 70H2 230 31.3 11,6 12 
Cog + 3H2 225 7,2 3.5 3.6 

~~ 

The theor i t ica l  equilibrium values of methanol concentrations were calculated 

from relations reported in  reference 4. 
It can be seen that the thermodynamic equilibrium is nearly reached in the 

case of C02 or CO, C 0 2  mixture, but not with CO. These results confirm the hi& 

reactivity of C02 already observed in  d i f fe ren t ia l  conditions which are governed 

by kinetics; in the integral  reactor the C02 conversion is lower than that of CG 
because of thermodynamic limitations. 

Aa WEIS reported by Klier (5) and other workers (1  ), the C0,C02 mixtar% leads 

I 
t o  the beat results; according t o  the former the role of C02 i n  such a mixture is 
t o  keep the catalyst  i n  an oxidized form Cu which would favow CO hydrogecation. 

In the l igh t  of our  resu l t s  we can propose a complementary explanstion: t e g  

into account its high reactivity,  C02 may well be the maul reagent lead%- to 
methanol. Each reduced C02 molecule leads to one of methanol and one of water; 

-&.A- A C ~ U U W A  ULYI react in %ne presence of CO according t o  the water gas sh i f t  

reaction which is kinetically and thermodynamically favoured under the present 

Conbitions. Thus, the equilibrium C02 + ?H2 = 

the r igh t  and then the low themodpamic limitations i n  the case of pure CO, c m  

+I.,” I-&.-- --- 

MeOH + H23 can be displaced to  
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be oversteiped. In older to  evaluate the realism of such a proposal, the influence 

of water content on the rnethanolization of CO was studied under atmospheric pressure 

( table 2 ). 

Table 2: Influence of water content i n  CO + 2H2 mixture on CO hydrogenation a t  22OOC 
( Ibar, 21/hr, 175mg of catalyst ). 

Water content .5pprn ;E?$&+ 6Mx)ppm 6 
(8) 

60 Methanol concentration 
( P P  1 400 500 

(a )  dehydration of gas i s  performed by trapping in acetone-dry ice bath. 

It must be pointed out that f o r  each water content, C02 is obtained elmost 

quantitatively from reaction of water and CO. Thus no kinetic limitation can r e s t r i c t  

the  conversion of CO into C02 during the hydrogenation of C0.C02 mixtures. 

the absence of water; but traces of water are sufficient to reactivate the process; 

i n  t h i s  case the intermediacy of C02 is unlikely because of its low par t ia l  pressure. 

Higher water contents inhibit  methanol formation probably fo r  kinetic reasons. 
These results support the mechanism already proposed by Sneeden e t  Al.(6). 

\ 

The results in table 2 show that methanolization ra te  of CO is very low Fn 

tha t  is CO can be activated i n  two different ways: 

- intermediacy of formyl 1 )  
2H M-H + CO - M-CHO - 2 4  MeOH + K-H 

This process may occur mainly i n  the absence of water and proves t o  be very slow; 

i t  may also lead to C-C bond formation. 

- intermediacy of formate M-OH + CO - W C H O  2 ' 2 -  MeOH + M-OH 2 )  

The same formate intermediate shown 

can be formed from C02: 

by Deluzarche e t  A1.(7) by chemical trapping 

M-H t C02 - M-OCHO - 2H2- MeOH + M-OH 3) 

The processes 2 and 3 prove to  be rapid according to  our results. The L O H  

species which allows rapid activation of CO may be an oxidized form of copper as 

proposed by Klier (4): i n  agreement with these workers the conservation of such 
a species may involve the presence of CO 

equations 3' and 4 

or water as can be i l lus t ra ted  by 2 

M-H + H20 = L O H  + HZ 3 ' )  

M-H + C02 = IVAH + CO 4)  

1 9 1  



CGNCLUSIOII 

The comparative study of hydrogenation under pressure of CO and C02 has shown 

that  CO 

than CO. These resu l t s  support the hypothesis of  Bashldrov which suggests that 

methanolization of C02 proceed without the intermediacy of CO. 

presence of C02 or water; the role of these products may be to keep the cotalyst 

i n  a suitable oxidized form. A t  high conversion the hydrogenation of CO in C0,C02 

mixtures may also proceed at leas t  par t ia l ly  through water gas rhift reaction via 
the intermediacy of C02. 

leads to  methanol more rapidly, more selectively and at a lower temperature 2 

kreover  the hydrogenation of CO proves to  be dramatically dependent of the 
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The Effec t  of C02 and  H20 i n  the  Methanol Synthes is  Reaction on Cu-Zn-0 

Harold H. Kung, George Liu, and Dave Willcox 

Chemical Engineer ing Department, Northwestern Universi ty ,  Evanston I L  60201 

Introduct ion:  
Methanol product ion over a copper-zinc oxide c a t a l y s t  has  been extensively 

inves t iga ted  recent ly .  
K l i e r  e t  al. repor ted  a d e t a i l e d  measurement of the  r a t e  of methanol production 
a s  a func t ion  of the CO/CO, r a t i o  (1). 
C0/CO2 of about  28/2. Later, they a l s o  reported t h e  e f f e c t  of H20 i n  t h e  feed. 
Again, an optimum H20 p a r t i a l  pressure was observed (2). 
in te rpre ted  with t h e  change i n  t h e  a c t i v e  si te concentrat ion on varying feed 
composition, and competi t ion of t h e  a c t i v e  s i te  by C02 and water. 

With regard t o  t h e  e f f e c t  of  t h e  feed  composition, 

They observed a sharp maximum a t  a 

The d a t a  were 

Since these  d a t a  ind ica ted  a s t rong  dependence of the  k i n e t i c s  on t h e  gas  
composition, it became i n t e r e s t i n g  t o  t r y  t o  determine t h e  k i n e t i c s  a t  well- 
cont ro l led  g a s  compositions. 
d i f f e r e n t i a l  f low r e a c t o r ,  o r  by using a batch r e a c t o r  and performing i n i t i a l  
r a t e  measurements. This  paper descr ibes  r e s u l t s  of the l a t t e r  approach. 

T h i s  can be achieved e i t h e r  by using a 

Experimental and Resul ts :  

about 200°C. 
according t o  Herman e t  a l .  ( 3 ) .  I t  has a CuO/ZnO of 30/70. A l l  t h e  data  were 
obtained i n  t h e  absence of d i f f u s i o n a l  e f fec t .  The c a t a l y s t  was f i r s t  reduced 
by H2/N2, and then precondi t ioned by a mixture of C02, CO, H 2  and CHjOH,  which 
was also used t o  c a l i b r a t e  t h e  mass spectrometer. The r a t e  of methanol 
production was measured by monitoring the  gas  composition wi th  the  mass 
spectrometer. 

Br ie f ly ,  the  experiments  were conducted i n  a batch w e l l - s t i r r e d  reac tor  a t  
The t o t a l  p ressure  was about  17 atm. The c a t a l y s t  was prepared 

Table 1 shows t h e  i n i t i a l  r a t e s  of methanol production a s  a func t ion  of 
t h e  feed  g a s  composition. 

Table 1.  
I n i t i a l  G a s  Composition (%) CH30H rate H20 r a t e  

T°C _H2 

228 70.05 
70.25 
70.02 
69 - 75 
69.99 

220 71.13 
69.62 
1u.43 
69 - 44 
69.57 
69 - 70 

r7n 

co 
27.74 
20.95 
16.22 
12.24 

- 

0 

26.3 
25.8 

20.11 
1,. ,.e 
I Y . 0 U  

11.40 
0 

9 2  
2.21 
8.80 

13.76 
18.03 
50.01 

1.66 
3.76 
7.29 
9.45 

18.16 
28.80 

?2!2 
0 
0 
0 
0 
0 

0.YO 
0.82 
2.52 
1 .00 
0.87 
1.50 

10-5 moles/min-g 10-3 moles/min-g 

1.27 1.30 
1.50 3.30 
1.70 4.57 
2.00 9.88 
2.49 11.24 

0.118 - 
0.155 - 
0.158 - 
0.225 - 
0.410 - 
0.469 - 



It  can be seen from the  da ta  i n  t h e  t a b l e  t h a t  un l ike  previous r e s u l t s ,  
t h e  i n i t i a l  r a t e s  of methanol production increase  wi th  increas ing  C02/C0 r a t i o ,  
and the addi t ion  of water  g r e a t l y  suppresses  the  rate .  P a r a l l e l  t o  the  
methanol production, t h e  r a t e  of water  product ion a l s o  increases  wi th  
increasing CO,/CO ra t io .  
197OC.  

S i m i l a r  t rend  was observed a t  a lower temperature  of 

The e f f e c t  of water  can be explained by the  competi t ive adsorp t ion  of 
The e f f e c t  of C02, however, must i n d i c a t e  o t h e r  water a t  the  a c t i v e  s i t e .  

reasons. Since these  were i n i t i a l  r a t e  measurements, t h e  c a t a l y s t  can be 
assumed t o  be i n  an i d e n t i c a l  s t a t e  f o r  a l l  t h e  measurements, (except f o r  a 
slow aeac t iva t ion  which d id  not change the dependence on t h e  feed  composition), 
the  p o s i t i v e  e f f e c t  of C02 may i n d i c a t e  t h a t  t h e  hydrogenation of C02 i s  f a s t e r  
than t h a t  of CO, or t h a t  the  hydrogenation of CO i s  enhanced by coadsorpt ion of 
C02 which nay f a c i l i t a t e  t h e  formation of some uns tab le  intermediates .  

\ 
\ 

, 

i 
To i n v e s t i g a t e  the r a t e  of hydrogenation of C02 i n  t h e  feed  mixture ,  C1'02 

Using condi t ions s i m i l a r  t o  those used i n  Table 1 wi th  a CO/CO2 was used. 
r a t i o  06 about 4 / l ,  it was found that t h e  i n i t i a l  r a t e  of production of 
CHJOH-' 0 was about  a s  f a s t  as t h e  r a t e  of product ion of CH30H-"0. 
r e s u l t s  ind ica ted  c l e a r l y  the  importance of the  hydrogenation of C02 i n  
methanol production. 

The 

Another i n t e r e s t i n g  r e s u l t  is on t h e  rate of the  i so tope  exchange r e a c t i o n  
of  co2: 

This  exchange reac t ion  proceeds a t  a reasonable rate i n  a mixture of C 0 2  
and He, and C02 and CO. 
and C02 with the  rap id  production of C1'0. This  r e s u l t  can be explained by t h e  
rapid revers ib le  water  gas  s h i f t  react ion,  which scrambles  t h e  oxygen in CO and 
C02, presumably v ia  a formate intermediate .  

The r a t e  is g r e a t l y  enhanced i n  a mixture  of H2, CO, 
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MECHANISM A N D  INTERMEDIATES O F  METHANOL SYNTHESIS OVER THE Cu/ZnO 
CATALYST I N  THE PRESENCE OF WATER A N D  CARBON D I O X I D E  

G. A. Vedage, R. P i t c h a i ,  R. G .  Herman and K .  K l i e r  

Department of  Chemistry and Center  f o r  Su r face  and Coat ings  Research 
Lehigh Un ive r s i ty ,  Bethlehem, PA 18015 

INTRODUCTION 

Since S a b a t i e r ' s  f i r s t  exper iments  on  he terogeneous ly  ca t a lyzed  
methanol decomposi t ion  ( l ) ,  many s t u d i e s  have been devoted t o  t h e  
mechanism o f  both  t h e  decomposition and t h e  s y n t h e s i s  of methanol,  
and s u r f a c e  i n t e r m e d i a t e s  such as formyl ( 2 , 3 ) ,  formate ( 4 - 6 ) ,  and 
methoxide (4 ,5 )  have  been i d e n t i f i e d  by I R  spec t roscopy and chemical 
t r a p p i n g  t echn iques .  In  a p rev ious ly  r e p o r t e d  ( 7 )  s tudy  from our 
l a b o r a t o r y ,  it w a s  found t h a t  t h e  methanol s y n t h e s i s  ra te  over  Cu/ZnO 
c a t a l y s t  is g r e a t l y  enhanced by small a d d i t i o n s  of water  t o  t h e  syn- 
t h e s i s  gas  wh i l e  l a r g e  a d d i t i o n s  of water r e s u l t e d  i n  a dec rease  i n  
s y n t h e s i s  r a t e .  Comparison of t h e  water  e f f e c t  w i th  t h a t  o f  C02 on 
t h e  s y n t h e s i s  r a t e  ( 8 )  showed t h a t  water behaved a s  a more e f f e c t i v e  
promoter a t  l o w  c o n c e n t r a t i o n s  and a more seve re  r e t a r d a n t  a t  h ighe r  
c o n c e n t r a t i o n s  t h a n  d i d  equimolar  carbon d i o x i d e  a t  t h e  same expe r i -  
menta l  c o n d i t i o n s .  F u r t h e r ,  i n j e c t i o n  o a 65/35 mole % mixture  
H2180/H2160 t o  s y n t h e s i s  g a s  r e s u l t e d  i n  "0 i n c o r p o r a t i o n ,  t h e  % '$0 
i n  CH30H, CO and C 0 2  i n  t h e  e x i t  stream being  3.41, 0.60 and 3.56, 
r e s p e c t i v e l y .  These r e s u l t s  i n d i c a t e d  t h a t  H20 a n d f o r  C 0 2  p a r t i c i p a t e  
i n  methanol s y n t h e s i s  as r e a c t a n t s .  D 0 a d d i t i o n  t o  t h e  s y n t h e s i s  gas  
w a s  employed t o  f u r t h e r  de te rmine  t h e  z i n e t i c  and mechan i s t i c  r o l e  of  
water, and it was observed  t h a t  a s i g n i f i c a n t  p o r t i o n  of t h e  synthe- 
s i z e d  methanol occur red  a s  CH DOH. N o  CHDZOH o r  CD30H w a s  d e t e c t e d ,  
and t h e s e  r e s u l t s  i n d i c a t e d  t i a t  water w a s  involved  i n  t h e  formation 
of  an i n t e r m e d i a t e  wi th  one s i n g l e  hydrogen atom. Th i s  obse rva t ion  
w a s  fu r the r l ;up to r t ed  by t h e  promotion of i s o t o p i c  scrambling between 
l 2 C l 8 O  and C 0 by wa te r  p readso rp t ion  on  t h e  c a t a l y s t s .  

r e a c t i v e  i n t e r m e d i a t e s  involved  i n  methanol s y n t h e s i s .  When d i e t h y l -  
amine w a s  c o n t i n u o u s l y  i n j e c t e d  a long  wi th  t h e  s y n t h e s i s  gas ,  methyl- 
a t e d  t e r t i a r y  amine w a s  s e l e c t i v e l y  ob ta ined  by t h e  r e a c t i o n :  

Chemical t r a p p i n g  exper iments  w e r e  a l s o  used (7 )  i n  i d e n t i f y i n g  

(C2H5) NH + C0 + 2H2-(C H NCH3 + H20 . 
2 2 5 2  

A t  215OC, H2:CO=70:30, 75 atm and a molar feed  r a t e  o f  d i e t h y l a m i n e =  
14 .5  mo112.45 g c a t l h r ,  t h e  y i e l d  of methyld ie thylamine  w a s  1 1 . 2  mmol/ 
2.45 g c a t / h r  and 97% of t h e  water  formed dur ing  methyla t ion  of  d i -  
ethylamine was conve r t ed  t o  carbon d i o x i d e  by t h e  water g a s  s h i f t  
r e a c t i o n .  Amine a d d i t i o n ,  however, was n o t  found to  a f f e c t  t h e  water 
g a s  s h i f t  r e a c t i o n .  The i n t e r m e d i a t e  t rapped  by amine behaved chemi- 
c a l l y  a s  formyl ,  formaldehyde o r  hydroxycarbene. The ev idence  f o r  an 
a ldehyd ic  i n t e r m e d i a t e  w a s  f u r t h e r  co r robora t ed  by u t i l i z i n g  it f o r  
a l d o l  a d d i t i o n  w i t h  propanaldehyde fo l lowed by hydrogenat ion  t o  g ive  
2-methyl-1-propanol. Although bo th  t h e  above t r app ing  r e a c t i o n s  al- 
lowed a f a i r l y  complete mechanism t o  be  formula ted ,  it was s t i l l  
deemed necessa ry  t o  a d d r e s s  some a l t e r n a t i v e  t r a p p i n g  and s i d e  reac-  
t i o n s ,  p a r t i c u l a r l y  those  of amines wi th  s u r f a c e  formates .  
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It is known that ( 9 )  amines react with carboxylic acids to give 
acid amides, which couldbe hydrogenated to the corresponding amines 
(10). In order to determine whether the added diethylamine reacted 
more rapidly with surface formyl or formate, the hydrogenation Of N,N- 
diethylformamide, a suspected intermediate of the reaction of surface 
formate with diethylamine, was studied. It is reported herein that 
non-dissociative hydrogenation of N,N-diethylformamide occurs at a 
lower rate than the addition of synthesis gas to diethylamine 11, 
indicating that the amine trapped the aldehydic and not the formate 
intermediate under the synthesis conditions. 

EXPERIMENTAL 

The Cu/ZnO=30/70 mol% catalysts were coprecipitated from ni- 
trate solution by Na CO calcined, pelletized, and reduced with 2% 
hydrogen in nitrogen: a%ording to a procedure previously described 
in detail (11,12). A schematic of the catalytic reactor system has 
been presented (ll), but a high pressure unit for pumping liquids in- 
to the synthesis gas stream at the reactor pressure of 75 atm has 
been added at the top of the reactor preheater section. The exit 
gas was reduced to atmospheric pressure and was sampled by an on-line 
Hewlett-Packard 5730A GC, coupled with a Model 3388A integrator/ 
controller. 

RESULTS AND DISCUSSION 

The results of N,N-diethylformamide hydrogenation at 215OC and 
15 atm are given in Table I. When the flow rate of N,N-diethylform- 
amide was 10.8 mm01/2.45 g cat/hr, 62% of it was converted to diethyl- 
methylamine and the remaining 38% was distributed among other products. 
When the flow rate of N,N-diethylformamide and hydrogen was doubled 
and tripled at 215°C and 75 atm, the yields of diethylamine and metha- 
nol increased while the yield of all other products decreased (Table 
I). 

As indicated in Table I, the N,N-diethylformamide was completely 
converted to diethylmethylamine (Eqn. 2), methanol (Eqn. 3), diethyl- 
amine (Eqn. 3), methylethylamine (Eqn. 4), triethylamine (Eqn. 4), and 
ethanol (Eqn. 5). 

n - 
II 

(C H ) N - C - H  + ~Hz-(C~H~)~NCH~ + H20 2 5 2  

2 5 2  

2) 

3) 
f: 

(C H ) N - C - H + 2H2-c(C2H5)2NH + CH30H 

(C~HS)~NCH~ + (C2H5)2NH-C2H5NHCH3 + (CZH~)~N 4) 

The reactions given by Eqn. 4) and 5) were formulated by CH3, C 2 ~ 5  
and n20 balancing. Hence, a part of diethylmethylamine and 
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diethylamine produced by reactions 2) and 3 )  was consumed by reactions 
4) and 5) to produce ethylmethylamine, triethylamine and ethanol. 
In Figure 1, the amount of diethylmethylamine produced by reaction 2), 
diethylamine produced by reaction 3 ) ,  methanol and water are plotted 
as a function of the reciprocal flow rate of hydrogen (flow rate N,N- 
diethylformamide = 0.025 x flow rate hydrogen). When these curves 
are extrapolated to infinite flow rate of hydrogen, the amounts of 
diethylmethylamine, diethylamine, methanol and water were 20%, 30%, 
30% and 20%, respectively. This flow rate dependence study shows that 
there are two kinds of reactions occurring on the catalyst surface 
during the hydrogenation of N,N-diethylformamide: one giving rise to 
diethylmethylamine, and the other giving rise to diethylamine and 
methanol. Diethylmethylamine could be synthesized via two routes: 
one as in Eqn. 2) and the other by the condensation of diethylamine 
and methanol, produced by Eqn. 3 ) .  The results in Figure 1 indicate 
that the maximum amount of diethylmethylamine formed by direct hydro- 
genation (Eqn. 2)) was 40%. 

In the following paragraphs the results of the hydrogenation of 
N,N-diethylformamide will be compared to the results of the methyla- 
tion of diethylamine by synthesis gas (discussed in the Introduction 
section). This comparison is done to determine whether N,N-diethyl- 
formamide is an intermediate in methyldiethylamine synthesis from 
synthesis gas and diethylamine. Over Cu/ZnO catalyst, 14.5 mol/ 
2.45 g cat/hr of diethylamine reacted with synthesis gas to produce 
11.2 mmo1/2.45 g cat/hr of methyldiethylamine. When 10.8 mm01/2.45 g 
cat/hr of N,N-diethylformamide, approximately equal to the methyldi- 
ethylamine produced, was hydrogenated under conditions similar to 
methyldiethylamine synthesis, the conversion to methyldiethylamine 
was 62%. A comparison of these two experiments indicated that the 
rate of hydrogenation of N,N-diethylformamide to methyldiethylamine 
was lower than the rate of production of methyldiethylamine from syn- ' 

thesis gas and diethylamine. Hence, the synthesis gas and diethyl- 
amine reaction does not proceed exclusively via a N,N-diethylforma- 
mide intermediate. However, the participation of this intermediate 
to a lesser extent cannot be ruled out. The following path is sug- 
gested for the synthesis of methyldiethylamine from synthesis gas 
and diethylamine, which proceeds via a N,N-diethylformamide inter- 
mediate. 

H~O+OH- + n+ 6) 

CQ + OH-+HCOO- 7 )  

(C2H5)2NH + H' + HCOQ-+ (C2H5)2iH2HCOO- 
0 + II 

(C2H5)2NH2HCOO---c(C2Hg)2NCH + H20 

Iz 
(C2Hg)2NCH + 2H2 -(C~HS)~NCH~ + H2Q 

According to this scheme, the surface formate produced by the 
interaction of CO and surface hydroxyls will react with diethylamine 
(Eqn 8 ) )  to form an amine salt (9). 
will be converted to N,N-diethylformamide ( 9 ) ,  and upon hydrogenation 
methyldiethylamine and water are produced (10). 

Upon heating, the amine salt 

The flow rate 

199 



, 

dependence study established that there are two basic pathways for 
the hydrogenation of N,N-diethylformamide. One gives rise to metha- 
nol and diethylamine (Eqn. 3 ) )  and the other gives rise to the direct 

time, the contribution of the latter path is 40%. At other conditions, 
e.g. when 10.8 mmo1/2.45 g cat/hr of N,N-diethylformamide was hydro- 
genated with 10.5 L(STP)/2.45 g cat/hr of hydrogen (Table I ( A ) ) ,  only 
50% of the methyldiethylamine would be produced by reaction 2). The 

amine and methanol would undergo condensation probably via a formalde- 
hyde intermediate. 

If all the diethylamine injected (14.5 mmo1/2.45 g cat/hr) during 
the methylation of diethylamine with synthesis gas was converted to 
N,N-diethylformamide intermediate, only 5.8 mm01/2.45 g cat/hr of 
methyldiethylamine would be produced by the direct hydrogenation path 
(Eqn. 2)). The remainder would be converted back to the reactants, 
diethylamine and methanol. During the methylation of diethylamine 
with synthesis gas, 11.2 mmo112.45 g cat/hr of methyldiethylamine was 
produced. Hence, the rate of hydrogenation of N,N-diethylformamide 
does not account for the rate of the overall synthesis of methyldi- 
ethylamine by synthesis gas and diethylamine. The flow rate depen- 
dence study showed that at most, 50% of the methyldiethylamine would 
arise by the reaction of diethylamine with surface formate, followed 
by the reaction sequence given by Eqns. 9),lO). The evidence against 
such a participation can be summarized in the following manner. It 
has been shown before that surface formate was a common intermediate 
for both methanol synthesis and the water gas shift (WGS) reaction 
(7). If surface formate underwent amination, one would expect the 
rate of the WGS reaction to be lowered as compared with the WGS re- 
action rates in the absence of amine but with an equivalent mount of 
water. Vedage et al. (7) showed that the WGS reaction rates were un- 
affected by the methylation of diet!iylamine with synthesis gas. There- 
fore, the C intermediate undergoing amination is not formate or a 
precursor 04 formate but an intermediate formed subsequent to the sur- 
face formate in methanol synthesis. This intermediate can be deduced 
as an aldehydic type intermediate by the process of elimination. This 
intermediate which can take the form formyl, formaldehyde or hydroxy- 
carbene is therefore a kinetically significant intermediate in metha- 
nol synthesis. 

hydrogenation product, methyldiethylamine (Eqn. 2)). At zero contact I 

remaining 50% was produced by the secondary reaction in which diethyl- I 
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Department of Chemical Engineer ing 
Un ive r s i ty  of Waterloo 

Waterloo, Ontar io ,  Canada N2L 3G1 

1 INTRODUCTION 

,' 1 T r a n s i e n t  ope ra t ions  of r e a c t o r  systems have been used f o r  many years  
in k i n e t i c  s t u d i e s  as a means of e l u c i d a t i n g  k i n e t i c  mechanisms. In the  l a s t  
two decades,  however, i n t e r e s t  has grown i n  using i n t e n t i o n a l  t r a n s i e n t  opera- 
t i o n  a s  a means of improving the  performance of chemical r e a c t o r s .  The r equ i r e -  
ment of maintaining a uniform l e v e l  of product ion a t  unsteady s t a t e  can be 
achieved through c y c l i c  ope ra t ions  i n  which one of the  v a r i a b l e s  i n  the  r e a c t i o n  
system is p e r i o d i c a l l y  s h i f t e d  between two va lues .  When viewed on a l a r g e r  time 
s c a l e  than t h a t  of t h e  p e r i o d i c  s h i f t s ,  the  system e x h i b i t s  uniform product ion.  
Figure 1 i l l u s t r a t e s  how pe r iod ic  ope ra t ion  may be performed. In t h e  LHS of the 
diagram the  normal s t e a d y  s t a t e  ope ra t ion  is shown. A feed of f ixed  composition 
i s  fed t o  t h e  r e a c t o r  and once s teady s t a t e  has been achieved, one expec t s  a 
constant  s t r eam of product  t o  flow from t h i s  u n i t ,  a s  i l l u s t r a t e d  i n  the  upper 
LHS. In t h e  c y c l i c  mode, however, t h e  p a r t i a l  p re s su re  or  concen t r a t ion  of both 
the r e a c t a n t s  making up the  feed a r e  changed p e r i o d i c a l l y  between two l e v e l s  ( i n  
t h e  s i m p l e s t  c a s e ) .  Before a new s t eady  s t a t e  is achieved a f t e r  t h i s  switch,  a 
second switch is  made back t o  the o r i g i n a l  l e v e l s .  The ope ra t ion  is cha rac t e r -  
i zed  by a pe r iod  t. It can be seen from the  diagram t h a t  i t  i s  not necessary 
f o r  the  l e n g t h  of t ime a t  the  two d i f f e r e n t  concen t r a t ions  t o  be the  same. This  
can be changed a s  w e l l  so t h a t  the  system may be exposed t o  a s h o r t  per iod in 
which t h e r e  is a h igh  concen t r a t ion  of one component and a much longer  per iod i n  
which t h a t  same component is a t  a much lower l e v e l .  This i n t roduces  a new vari-  
ab le  r e f e r r e d  t o  as  the  cyc le  s p l i t .  Add i t iona l  v a r i a b l e s  a r e ,  of course,  the 
amplitudes of t h e  i n d i v i d u a l  changes. The r e s u l t  of p e r i o d i c  changes i n  composi- 
t i o n ,  as i l l u s t r a t e d  i n  the  diagram, is a c o n s t a n t l y  varying product  composition 
a t  the  e x i t  of the  r e a c t o r .  This v a r i a t i o n  occurs  around a mean va lue  which we 
w i l l  r e f e r  t o  h e r e a f t e r  as the  time-average product concen t r a t ion ,  and from t h i s  
va lue  we  can o b t a i n  a time-average r e a c t i o n  r a t e .  

There is a growing body of l i t e r a t u r e  suggest ing t h a t  t h i s  mode of 
ope ra t ion  can cause s u b s t a n t i a l  improvements i n  c a t a l y s t  a c t i v i t y  (Unni e t  a l . ,  
1973; Asfour e t  a l . ,  1983; J a i n  e t  al., 1982; J a i n  et al., 1980; Wilson and 
Rinker, 1981; Kenny and C u t l i p ,  1976; Lynch, 1982. For CO ox ida t ion  of platinum, 
t h e  system most e x t e n s i v e l y  explored,  Lynch (1982) sugges t s  t h a t  p e r i o d i c  opera- 
t i o n  is  e x p l o i t i n g  t h e  e x i s t e n c e  of mul t ip l e  s t eady  s t a t e s  a t  low COZ/oxygen 
r a t i o s  i n  t h e  feed.  

Apart  from those  r e a c t i o n s  which e x h i b i t  mu l t ip l e  s t eady  s t a t e s ,  the 
exp lana t ion  f r e q u e n t l y  advanced for  the improvement found wi th  c y c l i c  ope ra t ion  
is t h a t  redox r e a c t i o n s  are involved i n  which p e r i o d i c  ope ra t ion  invo lves  
changes i n  t h e  coord ina t ion  of metal atoms i n  the  su r face  oxide s t r u c t u r e s  which 
can i n t e r a c t  w i th  t h e  bulk of the  system through d i f f u s i o n a l  p rocesses .  This 
g ives  r i s e  t o  a s t o r a g e  phenomena i n  the  bulk of the  c a t a l y s t  t h a t  is not  at- 
t a i n a b l e  i n  s t eady  s t a t e  operat ion.  The s t o r e d  r e a c t a n t  becomes a v a i l a b l e  
through pu l s ing .  

I 

i 
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Methanol s y n t h e s i s  over t h e  copper z i n c  oxide system appears as an 
i n t e r e s t i n g  candidate f o r  t h i s  new mode of r e a c t o r  opera t ion  because i t  probably  
proceeds v i a  a redox mechanism. The use  of c y c l i c  opera t ion  can be implemented 
in two  ways. The f i r s t  of these  is t o  p e r i o d i c a l l y  change the hydrogen t o  
carbon monoxide r a t i o  i n  t h e  feed j u s t  a s  has  been done in most of t h e  o t h e r  
s t u d i e s  given above. The use of carbon d ioxide  dosing of t h i s  system s u g g e s t s  
an  a l t e r n a t e  mode which might be explored. It has  been found wi th  the  copper- 
z i n c  oxide-alumina system, which forms t h e  b a s i s  f o r  many of t h e  commercial 
methanol synthes is  c a t a l y s t s ,  t h a t  t h e  c a t a l y s t  undergoes slow d e a c t i v a t i o n  
u n l e s s  a low concent ra t ion  of carbon d ioxide  is maintained i n  t h e  feed .  I n  
p l a c e  of maintaining Cop a t  a cons tan t  l e v e l ,  i t  can be pulsed i n  t h e  feed .  

In an e a r l i e r  paper (Nappi et al . ,  1984)  we examined the  performance 
of a r e a c t o r  opera t ing  under c y c l i c  v a r i a t i o n s  of t h e  hydrogen-to-C0 r a t i o  in 
t h e  feed. Even though nonl inear  t r a n s i e n t  behaviour was observed, p e r i o d i c  
f o r c i n g  of t h i s  system f a i l e d  to  improve t h e  y i e l d  t o  methanol. Indeed, t h e  
main e f f e c t  was to  roughly double t h e  production r a t e  of methane in t h e  system. 
We specula ted  t h a t  the  s u r p r i s i n g  l a c k  of improvement was due t o  r a t h e r  small 
changes in t h e  reducing power of t h e  feed  gas  in switching from hydrogen-rich t o  
carbon-rich mixtures.  When maximum amplitude experiments were c a r r i e d  out  in 
which t h e  feed var ied  between pure carbon monoxide and pure hydrogen, 
performance was  s i g n i f i c a n t l y  b e t t e r ,  but  s t i l l  f a i l e d  t o  a t t a i n  t h e  l e v e l s  
p o s s i b l e  with s t e a d y - s t a t e  opera t ion .  Thus, in t h i s  paper,  we examine p e r i o d i c  
f o r c i n g  with carbon d ioxide .  

EXPERIMENTAL 

The ques t ion  addressed i n  our experimental  program was whether 
p e r i o d i c  puls ing  of t h e  r e a c t i o n  system wi th  carbon d ioxide  could i n c r e a s e  t h e  
production r a t e  of methanol t o  a g r e a t e r  e x t e n t  than main ta in ing  a small b leed  
of t h e  same gas i n t o  t h e  system. Only explora tory  experiments were c a r r i e d  
out .  These employed the  s t o i c h i o m e t r i c  hydrogen-carbon monoxide mixture f o r  
methanol synthes is  of 2 : l .  I n  one of t h e  source  gases,  carbon d ioxide  w a s  added 
t o  a l e v e l  of 2% by volume. The experiments were then c a r r i e d  out by 
p e r i o d i c a l l y  switching the  feed from t h e  source conta in ing  carbon d i o x i d e  t o  t h e  
source  f r e e  of COz. Refer r ing  t o  F igure  1, the v a r i a b l e s  explored were per iod  
and t h e  length  of exposure t o  t h e  gas  conta in ing  carbon d ioxide ,  r e f e r r e d  t o  
e a r l i e r  as the cyc le  s p l i t .  A l l  experiments were c a r r i e d  out at a p r e s s u r e  of  
2 . 5 2  MPa and 250°C.  The c a t a l y s t  used was a commercial l o w  temperature water  
gas s h i f t  c a t a l y s t  wi th  the  fo l lowing  formulation: Cu/Zn/Al = 2 9 / 4 7 / 2 4 .  BET 
s u r f a c e  a rea  of t h i s  c a t a l y s t  was 80.0 m2/g and i t s  pore volume was measured as 
0 . 4 7 0  mL/g. Auger spec t roscopy showed 
t h e  presence of copper as Cu on t h e  s u r f a c e .  Transmission e l e c t r o n  microscopy 
i n d i c a t e d  the  c a t a l y s t  was a f i n e l y  d ispersed  mixture of var ious  phases.  

Thus. t h e  mean $ore diameter was  240 A .  

Measurements were c a r r i e d  out  us ing  a Berty reac tor .  This r e a c t o r  
behaves as t o t a l l y  backmixed which s i m p l i f i e s  experimentation, as wel l  as 
i n t e r p r e t a t i o n  of t h e  r e s u l t s .  It has  the  d isadvantage ,  however, t h a t  t h e  
r e a c t o r  conta ins  a s i g n i f i c a n t  dead volume which l i m i t s  the  swi tch ing  frequency 
in c y c l i c  operation. I f  t h i s  frequency is too high,  the wel l  s t i r r e d  dead 
volume smooths out  the  concent ra t ion  p u l s e  so t h a t  t h e  c a t a l y s t  phase s e e s  no 
change in composition wi th  time. The arrangement of t h e  experimental  equipment 
is shown schemat ica l ly  in Figure  2 .  D e t a i l s  of the  experimental  equipment are 
a v a i l a b l e  elsewhere ( J a i n  e t  a l . ,  1 9 8 3 ;  Nappi e t  a l . ,  1 9 8 4 ) .  The only change 
made from t h e  r e a c t o r  descr ibed  i n  t h e s e  p u b l i c a t i o n  is t h a t  t h e  i n t e r i o r  has 
been e l e c t r o p l a t e d  wi th  copper in an  attempt t o  reduce the methanation a c t i v i t y .  
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Blank runs  were performed t o  check methanation a c t i v i t y .  It was found 
tha t  a very small  amount of methane was produced; however, i t  is  not c e r t a i n  
whether t h i s  methane was produced on the  r e a c t o r  walls or  i n  t h e  low tempera- 
tu re ,  c a t a l y t i c  oxygen scavenging u n i t  l oca t ed  upstream from the  r e a c t o r .  
Methane found i n  t h e  blank runs ,  i n  any case ,  was w e l l  below the  methane con- 
ta ined  i n  t h e  source c y l i n d e r s  feeding the  r e a c t o r .  Cor rec t ions  were made f o r  
both methane sources .  

Analyses were performed by gas chromatogrphy using a 3-m Porapak Q 
column and a hot  wire  d e t e c t o r  i n  s e r i e s  w i th  a flame i o n i z a t i o n  d e t e c t o r .  

It was  found expe r imen ta l ly  t h a t  a c y c l i c  s t a t i o n a r y  s t a t e  was 
achieved a f t e r  about two c y c l e s  between the  CO2 con ta in ing  and CO2 f r e e  synthe- 
sis gas  mixtures .  In most cases  t h e  experiment was Carr ied out over a t i m e  
frame of many hours so t h a t  up t o  20 complete cyc le s  were run. Sampling was  
done i n t e r m i t t e n t l y ,  but s u f f i c i e n t  measurements were made t o  c h a r a c t e r i z e  com- 
p l e t e l y  t h e  time-varying methanol and methane y i e l d s .  

EXPERIMENTAL RESULTS 

Table  1 summarizes t h e  experimental  r e s u l t s  f o r  methanol production. 
Of the two v a r i a b l e s  t h a t  were explored i n  these  measurements, the per iod was 
only examined a t  12 and 30 minutes. Decreasing the  per iod e f f e c t e d  a small  
improvement. Reactor  dead space and mixing rendered experiments much below 12 
m i n u t e s  unproduct ive.  As t h e  cyc le  s p l i t  is  decreased,  however, t h e  e f f e c t  is 
the  oppos i t e ,  the r a t e  of methanol product ion dec reases .  This  is, of course,  
expected because i t  has  been demonstrated t h a t  a t  low l e v e l s  of carbon dioxide 
in the  feed ,  methanol product ion becomes p ropor t iona l  t o  the concen t r a t ion  of 
t h i s  component. Thus, a s  t h e  cyc le  s p l i t  is  decreased,  the  q u a n t i t y  of carbon 

Table 1 

Time-Average Rate of Methanol Product ion as a Function of 
Per iod and Cycle-Spl i t  With CO2 Dosing 

Quasi-Steady- 

12 
12 
12 
12 
12 
30 

0.05 
0.10 
0.25 
0.50 
0.75 
0.50 

7.10 

8.22 
9.61 

9.61 

7.38 

11.0 

Trans ien t  
Average Rate 

mol/g c a t * s )  

8.25 
9.34 
9.89 
10.1 
11.4 
9.97 

1.16 
1.27 
1.20 
1.05 
1.03 
1.04 

* The t r a n s i e n t  r a t e  was normalized with r e spec t  t o  t h e  quas i - s t eady- s t a t e  r a t e .  

d iox ide  t h e  c a t a l y s t  s e e s  w i t h i n  a c y c l e  f a l l s .  It i s  i n c o r r e c t ,  t h e r e f o r e ,  t o  
compare t h e  measurements from the  c y c l i c  ope ra t ion  t o  the s t eady  state measure- 
ments with Cop f r e e  s y n t h e s i s  gas. The proper comparison is  wi th  t h e  s t eady  
s t a t e  r e s u l t s  a t  t h e  same mean l e v e l  of Cop used i n  a complete cyc le  i n  t h e  
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Quasi-Steady- 
State Rate 

mol/g c a t - s )  

32.6 
31.2 
26.9 
19.7 
12.6 
19.7 

p e r i o d i c  fo rc ing  experiments. For example, i f  the cyc le  s p l i t  were 0.5 and t h e  
two source gases  contained 2% and 0% Cop ,  the  mean l e v e l  would have been 1%. 
Unfo r tuna te ly ,  a complete set of s t eady- s t a t e  experiments a t  d i f f e r e n t  C02 
l e v e l s  was not made. However, it is p o s s i b l e  t o  e s t ima te  these  s teady s t a t e  
r a t e s  by assuming a l i n e a r  r e l a t i o n s h i p  between the mole % Cop i n  t h e  gas  and 
the r a t e  of methanol formation.  If t h i s  i s  done, and the est imated s t eady  s ta te  
value i s  divided i n t o  the  measurements shown i n  Table 1, the  normalized r a t e  is  
obtained.  These a r e  found i n  the l a s t  column of the t a b l e .  Normalized r e s u l t s  
r e f l e c t  the  improvement i n  methanol y i e l d  over the  comparable s t eady  s t a t e  
through pe r iod ic  forcing.  

Adding 2% CO2 by volume t o  the  s t o i c h i o m e t r i c  mixture i n c r e a s e s  t h e  
s t eady- s t a t e  methanol formation from 6.8 x t o  12.4 x mol/g c a t s s .  
Ev iden ta l ly ,  pe r iod ic  fo rc ing  is capable  of f u r t h e r  i nc reas ing  the  methanol 
product ion r a t e  by about 25%. Worth no t ing  is t h a t  the  measurement r epor t ed  i n  
t h i s  paper a r e  of a sc reen ing  na tu re  and no a t t e m p t  has been made t o  opt imize 
t h e  pe r iod ic  dosing sequence. 

Table 2 shows our methane product ion r e s u l t s .  In t roduc t ion  of a 
s teady s t ream of Cop i n t o  t h e  feed gas d rama t i ca l ly  suppresses  the  s t e a d y - s t a t e  
r a t e  of formation of methane i n  t h i s  r e a c t i o n  system from 3.4 x lo-' t o  5.4 x 

g mol/g c a t - s .  Although the  methane formation r a t e  f o r  t h i s  c a t a l y s t  i n  
the  absence of carbon dioxide is only about 5% of the  formation r a t e  f o r  
methanol, t h e  in t roduc t ion  of C02 suppresses  t h i s  rate t o  j u s t  0.4% of t h e  
methanol r a t e .  Table 2 shows t h a t  cyc le  per iod has a m c h  s t r o n g e r  e f f e c t  on 
methane than on methanol product ion.  Unlike methanol product ion however, 
p e r i o d i c  puls ing with Cop reduces methane formation s u b s t a n t i a l l y  and s h o r t e n i n g  
the pulse  l eng th  e x e r t s  j u s t  a small  e f f e c t  on the r a t e  of formation.  

T rans i en t  
Average Rate 

mol/g c a t - s )  

3.10 
3.42 
3.39 
2.98 
5.83 
5.87 

Table 2 

Time-Average Rate of Methane Product ion as  a Funct ion of 
Per iod and Cycle-Split With Cop Dosing 

T(mins) Cycle S p l i t  

0.50 
0.75 
0.50 

*Normalized 
Rate  

0.095 
0.11 
0.13 
0.15 
0.46 
0.30 

* The t r a n s i e n t  r a t e  was normalized with r e spec t  t o  the  quas i - s t eady- s t a t e  rate. 

If the r a t e  of formation of methane is propor t iona l  t o  t h e  carbon 
dioxide concen t r a t ion ,  the rate of formation a t  quasi-s teady-state  w i l l  be a 
c l o s e  e s t ima te  of t h e  s teady s t a t e  f o r  CO2 l e v e l s  between 0 and 2 ~ 0 1 % .  These 
values  a r e  appropr i a t e  f o r  comparison with the  time-average r a t e s  of methane 
formation under pe r iod ic  puls ing.  We have assumed appropiateness  and t h e  last 
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column in Table 2 compares t h e  time-average c y c l i c  r a t e s  wi th  t h e  assumed 
s teady-s ta te  ones. These r e s u l t s  i n d i c a t e  t h e  l a r g e  i n f l u e n c e  of dosing t i m e  on 
methane formation. 

P e r i o d i c  sampling through the  gas  chromatograph permi ts  a 
r e c o n s t r u c t i o n  of t h e  change of rate wi th  t i m e  i n s i d e  a dosing cyc le .  These 
r e c o n s t r u c t i o n s  are shown i n  F igures  3 and 4 f o r  t w o  q u i t e  d i f f e r e n t  cycling 
condi t ions :  the f i r s t  is f o r  a s h o r t  pu lse  of Cop c o n t a i n i n g  feed while t h e  
second f i g u r e  considered a r e l a t i v e l y  long pulse.  Immediately upon i n t r o d u c t i o n  
of the  C02-containing gas ,  methane production f a l l s  t o  a l e v e l  which cannot be 
de tec ted  w i t h  our a n a l y t i c a l  equipment. 
stream is in t roduced ,  the methane concent ra t ion  b u i l d s  up t o  about one. The 
measurements have been normalized wi th  e x i t  concent ra t ion  measured a t  steady 
s t a t e  with t h e  C02-containing gas. If a s h o r t  CO2 pu lse  is used, F igure  3 shows 
t h e  normalized c o n c e n t r a t i o n  r i s i n g  to  about 2.4. In both cases ,  t h e s e  va lues  
a r e  w e l l  below the s teady  s ta te  values expected f o r  a COp-free s y n t h e s i s .  

In Figure  4 ,  when t h e  C02-free gas 

In both f i g u r e s ,  methanol production changes very l i t t l e .  Although i t  
is shown i n  t h e  f i g u r e s ,  t h e  CO2 d e t e c t e d  in t h e  stream leaving  t h e  r e a c t o r  
changed very l i t t le  w i t h i n  t h e  dosing cycle.  

DISCUSSION 

The f a i l u r e  of t h e  methanol production r a t e  t o  fo l low the  changes i n  
the  CO2 c o n t e n t  of t h e  gas  coupled wi th  t h e  dramat ic  20 t o  25% improvement in 
production r a t e  w i t h  r e s p e c t  t o  s teady  state s t r o n g l y  sugges ts  t h a t  t h e  
i n t r o d u c t i o n  of Cop causes a r e s t r u c t u r i n g  of t h e  s u r f a c e  andlor  reoxida t ion  of 
the  s i t e s  in the  system. These sites, or s u r f a c e s ,  however, a r e  not  cor rec ted  
immediately back t o  t h e i r  s t a r t i n g  condi t ion  when CO2 is removed. Res t ruc tur ing  
or  reduct ions  appears t o  be very slow. A long-term decay of the  copper lz inc  
oxide c a t a l y s t  a c t i v i t y  i n  t h e  absence of CO2 i n  t h e  feed gas  is observed, of 
course,  i n  s teady  s t a t e  opera t ion .  I f  a massive reoxida t ion  of copper in the  
c a t a l y s t  were o c c u r r i n g  on t h e  i n t r o d u c t i o n  of CO2, methanol production would 
have changed much more sharp ly  then what can be seen i n  the  d a t a  shown i n  
F igures  3 or 4. 

A s h a r p  change i n  production rate does appear,  however, for methane. 
It seems l i k e l y  t h a t  t h e  e x p l a n a t i o n  f o r  t h i s  is a wholesale d e s t r u c t i o n  of t h e  
s i t e s  r e s p o n s i b l e  f o r  methane production by t h e  i n t r o d u c t i o n  of COP. 
Evidenta l ly ,  t h e s e  sites must be q u i t e  d i f f e r e n t  from those f o r  methanol 
formation judging  from t h e  sharp ly  d i f f e r e n t  behaviour when CO2 i s  e i t h e r  
introduced or removed from t h e  system. S u b s t a n t i a l  adsorp t ion  of C o p  accounts 
f o r  t h e  l a c k  of change i n  Cop l e v e l s  i n  t h e  e x i t  stream. 
when t h e  f e e d  i s  CO2-free seems t o  r e s u l t  from methane formation. Methane 
formation i s  favoured thermodynamically a t  t h e  opera t ing  condi t ions  employed so 
t h a t  Cop s u p p r e s s i o n  cannot occur through a e q u i l i b r i u m  i n t e r a c t i o n  because t h e  
r e a c t i o n  sys tem o p e r a t e s  so f a r  away from equi l ibr ium.  
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Figure 1 Schematic of the Periodic Operation of a Catalytic Reactor. 

Figure 2 Schematic of the Experimental Apparatus (PI = pressure gauge, 
TI - thermocouple, GC = gas chromatograph) 
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Figure  3 Time V a r i a t i o n  of Product Concentrations Under P e r i o d i c  Dosing with  
2 vol. % C o p  f o r  r=12 Minutes, *s=0.10 (Concent ra t ions  Normalized 
With Steady S t a t e  Product Concentration Using 2 vol.% Cop in Feed, 
250'C 2.513 MPA). 

F igure  4 Time V a r i a t i o n  of Product Concent ra t ions  Under P e r i o d i c  Dosing w i t h  
2 vol. % CO2 f o r  r=12 Minutes, *s=O.75 (Concent ra t ions  Normalized 
With Steady S t a t e  Product Concent ra t ion  Using 2 v01.X COP in Feed, 
25OOC 2 . 5 1 3  MPA). 

*s, def ined  as t h e  r a t i o  of t h e  C02-rich p o r t i o n  of t h e  c y c l e  t o  
t h e  cyc le  period. 
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Box 538. Allentown, PA 18105 

Sumnary 

Information on the chemlcal states of a catalyst surface i s  obtalnable by X-Ray 
Photoelectron Spectroscopy (XPS). Copper-zlnc oxlde catalysts from the DOE 
sponsored Llquld Phase Methanol (LPHeOH) project have been studled to ascertaln 
the oxidatlon states of copper on fresh, reduced, and spent catalyst samples. 
Uslng the Auger parameter t o  dlfferentlate valence levels It Is shown that Cut' 
must be malntalned on the surface for contlnued catalyst actlvlty to methanol. 
Unusually strong shifts, due t o  matrix effects in the Cu2p3/2 blndlng energy 
for reduced/actlve catalysts Indicate that Cu'l' 1s stablllzed by lncorporatlon 
ulthln the ZnO lattlce. Energy Dlsperslve X-Ray Spectrometry (EDS) and XPS show 
that uhlle the bulk Cu/Zn ratio i s  malntalned at a value near 2.1 the surface 
Cu/Zn ratio decreases in use t o  well below unity. The effects o f  metal and 
halogen polsonlng have also been studled by the addltlons of lron (as iron 
carbonyl) and chlorine, and are observed t o  deactivate the catalyst by reduction 
of Cu+l to Cuo. These results suggest a relatlonrhlp between the copper state 
needed to malntaln actlvlty and the reducing/oxldlzlng potentlal o f  the reactant 
gases. 

Int roduct i on 

Deterrnlnatlon of the actlve copper state in copper/zlnc/alumlna catalysts. used 
for methanol synthesls, has been of  recent Interest (1-5). Kller and coworkers, 
using optical spectroscopy, have presented evidence lndtcatlng Cu'l. dissolved 
i n  the ZnO lattlce(l.2). as the catalytlcally actlve state. X-Ray Photoelectron 
Spectroscopy (XPS) has been employed by Okamato et a1.(3.4) to show that CUO-ZnO 
samples contalnlng less than 10% copper, upon reduction, d o  exhlbit weak CU(LHM) 
x-ray induced Auger llnes suggestlve of the presence of Cu'l. The Dkamato 
studies, unfortunately, d o  not present supportlng data regarding actlvlty of  the 
catalysts t o  methanol synthests. Hlmelfarb et a1 . ( 5 )  have presented evldence, by 
X-Ray Dlffractlon (XRD), for the exlstence of a n  lntermedlate Cu+l phase durlng 
reductlon of copper-zinc oxide catalysts. Slnce XRD i s  a bulk sensltive technique 
the chemical state of the surface i s ,  however, still In doubt. 

In conjunction wlth the current DOE sponsored Liquid Phase Methanol Project 
(LPMeOH) we have undertaken studies of comnerclally available copper-zlnc oxlde 
catalysts which have demonstrated actual activity t o  methanol synthesis In both 
the gas and llquld phases. Here we present XPS results uhlch conflrm that Cut' 
1 s  lndeed the actlve state. Polsonlng by metal and/or halogens has also been 
lovestigated by XPS and Energy Dlsperslve X-Ray Spectrometry (EDS). Deactivation 
apparently occurs via reductlon of Cutl to Cue. 
Because the chemlcal shlfts observed ln the XPS spectrum for copper are llmlted It 
I s  necessary t o  employ the Auger parameter t o  follow the three valence States 
Cue, Cutl, and Cut2. The Auger parameter (a), proposed by Wagner(b) and 
later modlfled by Gaarenstrom and Winograd(7) Is defined as: 

a + h u  = BEp + KEA = 0 '  
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where hv Is the photon energy, BEp the blndlng energy o f  the photoelectron 
peak. and KEA the klnetlc energy of the x-ray induced Auger llne whlch Is also 
observed ln the spectrum. The addltlon of  hv t o  a 1s deflned as a', the 
modlfled parameter(7). and 1 s  Independent of the excltatlon energy. 

From Equatlon 1 a plot o f  0 '  vs the corrected BEp can be generated. This plot 
Or Auger map, as it 1s referred, enables one, through analyses o f  standards, to 
assign reglons to a partlcular elemental oxldatlon state or chemlcal envlronment. 

ExDerlmental 

A comnerclally avallable copper-zlnc oxlde catalyst, In powdered form (2-7pm). 
has been used In these studles. Gas phase and In sltu llquld phase reductlons 
were performed by sultable laboratory adaptatlon of the commercial gas phase 
technlque. Catalysts from llquld phase studles were prepared for surface analysls 
by strlpplng the Inert 0 1 1  vla a serles of cyclohexane washlngs In a nltrogen 
fllled glove box. Upon drylng. the samples were transported t o  a n  argon fllled 
glove box. The catalyst samples were applled t o  a plece o f  double-slded adheslve 
tape attached to a sample mount. The mounts were then sealed ln a vessel for 
transportation t o  the spectrometer. Under vacuum the vessels were reopened and 
the mounts attached t o  the transfer rod assembly. 

XPS has been performed on a Physlcal Electronlcs 560 spectrometer equlpped to 
perform XPS, Scanning Auger Mlcroscopy (SAM), Ion Scatterlng Spectroscopy ( I S S ) .  
and Secondary Ion Mass Spectrometry ( S I M S ) .  Mg K a  radlatlon (1253.6eV) at 15 
keV and 20mA was used as the excltatlon source. Charge correction was performed 
by referenclng t o  the Z n 2 ~ 3 /  llne at 1021.7eV and Cls. for resldual 0 1 1 ,  at 
284.7eV. 

EDS was performed on an Amray 1000 Scannlng Electron Mlcroscope (SEM) equlpped 
ulth a Kevex 7000 spectrometer. Quantltatlve analysls was accompllshed uslng ZAF 
correctlons. 

Copper oxlde standards were prepared In sltu by mounting a cleaned and pollshed 
(to lpm alumina) copper foll t o  a probe that could be heated and cooled. After 
repeated cycles of lon sputtering and anneallng at 300°C. a clean surface was 
obtained a s  verlfled by Auger Electron Spectroscopy (AES) and XPS. A thln fllm o f  
CuO was then produced on the surface by heatlng the foll to 250°C under a stream 
of alr. Larson(8) has reported that Cu20 can be produced by reheatlng the CuO 
surface fllm to 250°C ln vacuum. The advantage of thls preparatlon 1s that 
surface charging 1s negllglble due to the conductlon o f  the thln oxlde Fllms 
produced on the surface. 

Results and Dlscusslon 

Because o f  discrepancles In the llterature(6.8). regardlng the binding energy o f  
the Cu2p3/2 llne. a study t o  determlne a' for Cu, Cu20, and CuO was 
undertaken. The results o f  thls lnvestlgatlon are llsted in Table 1. The 
Cu2p3/2 llne 1 s  not observed t o  shlft as copper metal 1s oxldlzed t o  Cu20. 
however, the Cu(LMM) llne i s  found t o  move from 334.8eV t o  336.8eV. Thls change 
causes a shlft In a' from 1850.9eV, for copper metal, t o  1848.9eV for Cu20. 
Further oxidatlon to COO results in the Cu2p3/2 line shlftlng t o  933.2eV a s  well 
a s  the Cu(LMM) llne to 335.6eV. The net result Is a reshlftlng of a' back to 
1851.2eV. These movements In a' are better lllustrated by the Auger map. shown 
i n  Figure 1, whlch lndlcates the reglons occupled by copper metal and its oxldes. 
Though CuO and Cu metal possess the same 0 '  value. the sh'lft In the CUZpg/ 
]!ne, as well as the observatlon of satellltes due to the paramagnetlc nature of 
Cu+2 In the Cu2p spectrum, permlts these chemlcal states to be dlstlngulshed. 

Both llnes were faun$ t o  agree t o  ulthln 5 0.2eV. 

211 



The fresh, as r e c e l v e d  c a t a l y s t  1 s  found t o  be comprlsed o f  copper p r l m a r l l y  as 
CuO. T h i s  1s l n d l c a t e d  by t h e  observa t ion  o f  s t r o n g  s a t e l l l t e  peaks and an a' 
o f  18Sl.OeV. Upon r e d u c t i o n ,  t h e  CuZp spectrum i s  observed t o  undergo a l o s s  i n  
s a t e l l i t e  s t r u c t u r e  and a sh i f t  l n  t h e  Cu2p3/2 b l n d l n g  energy. Also,  as shown 
I n  Table 1, t h e  CuZpg 2 l l n e  i s  found t o  move from 933.beV t o  931.7eV. The 
x - ray  Induced Auger l l n e .  however. remalns a t  33b.2eV. C a l c u l a t i n g  0' shows 
t h a t  t h e  Cui2 has been reduced t o  Cu'l. To b e t t e r  I l l u s t r a t e  these observed 
changes t h e  Auger map I s  d e p l c t e d  I n  F l g u r e  2. The r e g l o n  occupled by t h e  reduced 
c a t a l y s t  Is I n  good agreement w l t h  t h e  coord lna tes  f o r  CuzO I n  F l g u r e  1. Thus 
i t  appears t h a t  Cu'l i s  present on t h e  s u r f a c e  a f t e r  reduc t lon .  The b l n d l n g  
energy s h l f t  observed f o r  t h e  Cu2p3/2 l l n e  as t h e  copper 1 s  reduced Is observed 
t o  be s l g n l f l c a n t l y  g r e a t e r  than expected f o r  Cui2 be lng  reduced t o  the  Cu'l 
s t a t e .  For  Cu20. t h e  Cu2p3/2 l l n e  1s found t o  be a t  932.leV w h l l e  f o r  t h e  
reduced sample a s h l f t  t o  931.7eV Is observed. Th ls  l a r g e r  than a n t l c l p a t e d  
chemical  s h l f t  1 s  b e l i e v e d  t o  be a t t r l b u t a b l e  t o  m a t r l x  e f f e c t s ,  s l m l l a r  t o  those 
observed by K i m  and Wlnograd f o r  Au Implanted l n  SlOz(9). The Cu'l i s  
a p p a r e n t l y  s t a b l l l z e d  on the  sur face  b y  I t s  I n c o r p o r a t i o n  w l t h l n  ZnO l a t t l c e  
de fec ts . (2 )  The e l e c t r o n  r l c h  envlronment o f f e r e d  by these s l t e s  l s  t h u s  b e l l e v e d  
r e s p o n s l b l e  f o r  t h e  l a r g e  s h l f t  I n  t h e  Cu2p3/2 b l n d l n g  energy. I n  as rece lved 
f o r m  ( o x l d e ) .  e lementa l  a n a l y s l s  shows a Cu/Zn r a t l o  of approxlmately 2 t o  1. XPS 
measurements, however. c l e a r l y  and r e p r o d u c l b l y  show a sur face  Cu/Zn r a t l o  o f  
a lmost u n l t y .  

A f t e r  r e d u c t l o n  t h e  c a t a l y s t s  a r e  used t o  produce methanol I n  e l t h e r  gas o r  l l q u l d  
phase opera t ions .  Upon demonstrat lon o f  s a t l s f a c t o r y  a c t l v l t y .  samples o f  t h e  
c a t a l y s t s  a re  removed f o r  a n a l y s l s .  I n  Table 1 and F lgure  2 t h e  r e s u l t s  o f  
s t u d l e s  on  these a c t i v e  c a t a l y s t s  a r e  a l s o  shown. The copper p resent  on  t h e  
sur face  Is observed t o  e x l s t  as Cui' by t h e  f a c t  t h a t  0' remalns a t  1849.0eV. 
The surface Cu/Zn r a t l o ,  c a l c u l a t e d  by XPS, Is found t o  decrease t o  approx lmate ly  
0.7 t o  1 upon r e d u c t l o n .  Thls r a t l o  becomes even smal le r  (0.3 - 0.1) a f t e r  use I n  
t h e  r e a c t o r .  

Upon an  observed l o s s  I n  a c t l v l t y  a c a t a l y s t  sample was aga ln  removed f o r  
a n a l y s i s .  The data,  shown i n  Table 1 and F l g u r e  2. I n d i c a t e s  t h a t  Cu'l has been 
reduced t o  Cuo by t h e  observa t lon  o f  a s h l f t  l n  a' t o  1851.0eV. I t  Is our 
c o n t e n t l o n  t h a t  d e a c t i v a t i o n  1s o c c u r r i n g  by t h e  r e d u c t l o n  o f  Cu'l t o  Cuo on 
t h e  sur face .  t h i s  suggests t h a t  the  cont lnued presence o f  Cu'l 1s Impor tan t  i n  
m a i n t a i n i n g  c a t a l y t i c  a c t l v l t y .  

The smal l  p a r t l c l e  s l z e  (2-7pm) o f  t h e  c a t a l y s t  powder used I n  l l q u l d  phase 
opera t lons  has p e r m l t t e d  the  use of EDS t o  r a p l d l y  determine a b u l k  Cu/Zn r a t l o  
f o r  comparlson w l t h  t h e  sur face  r a t l o  ob ta ined by XPS. The r e s u l t s  l n d l c a t e  t h a t  
w h l l e  t h e  bu lk  Cu/Zn r a t l o  remalns a t  2.1, a decrease I n  the  sur face  Cu/Zn r a t l o .  
c a l c u l a t e d  by XPS. l s  observed upon r e d u c t l o n  and use. C a t a l y s t  r e d u c t l o n  
decreases the  s u r f a c e  Cu/Zn r a t l o  f rom 1.0 t o  -0.7. A f t e r  use In methanol 
syn thes is  t h l s  r a t l o  Is found t o  f u r t h e r  decrease t o  values approachlng 0.3. Thls 
d a t a  f i t s  w e l l  u l t h  p roposa ls  by K l l e r  and coworkers(2) regard lng  s p e c l f l c  s l t e  
s t a b l l l z a t l o n  o f  Cu'l. Since o n l y  a f l n l t e  number o f  d e f e c t  s l t e s  a re  
a n t l c l p a t e d  w l t h l n  t h e  ZnO l a t t l c e  near t h e  s u r f a c e  t h e  Cu/Zn r a t l o  l s  expected t o  
decrease as Cu'l d l s s o l v e s  u l t h l n  t h e  ZnO l a t t l c e .  Therefore r e c r y s t a l l l z a t l o n .  
due t o  excesslve h e a t ,  Is expected t o  s e v e r e l y  e f f e c t  t h e  sur face 's  a b l l i t y  t o  
syn thes lze  methanol. A requlrement, f o r  t i g h t  temperature c o n t r o l ,  t h u s  1 s  
necessary t o  p revent  sur face  r e c r y s t a l l l z a t l o n  u h l c h  suggests t h a t  t h e  LPHeOH 
Process o f f e r s  s l g n l f l c a n t  advantages, as a r e s u l t  more e f f l c l e n t  heat  t r a n s f e r ,  
over  gas phase syn thes ls .  

Poisoning and i t s  e f f e c t s  upon sur face  copper have a l s o  been l n v e s t l g a t e d .  The 
I n j e c t i o n  of a v e r y  l o w  l e v e l  o f  f e ( C 0 ) ~  t o  t h e  feed stream 1 s  observed t o  c a m  

212 



a r a p l d  d e a c t l v a t l o n  o f  t h e  c a t a l y s t .  XPS l n d t c a t e s  t h a t  no I r o n  l s  a p p a r e n t l y  
present on t h e  sur face  o f  these samples. EOS a n a l y s i s .  however. shows t h a t  I r o n  
l s  present I n  t h e  b u l k  o f  t h e  polsoned samples. By XPS changes I n  t h e  Cu(LMM) 
spectrum are  observed. I n  F lgure  3. t h e  Cu(LMM) spec t ra  f o r  a f resh-reduced 
c a t a l y s t  Is compared w l t h  t h a t  ob ta ined a f t e r  I r o n  po lson lng .  The o b s e r v a t l o n  o f  
a second peak near 334.6eV Is a t t r l b u t e d  t o  t h e  presence o f  Cuo on t h e  s u r f a c e .  
Uslng Equat ion 1. a' I s  found t o  be equal t o  1651.0eV f o r  t h l s  new l l n e .  T h l s  
r e g l o n  has been e a r l i e r  determlned, I n  the  o x l d e  study, t o  be occupled by m e t a l l i c  
copper ( F i g .  1 ) .  Thus upon contac t  u l t h  I r o n  t h e  Cu'l I s  reduced t o  Cue, 
thereby d e a c t l v a t l n g  t h e  c a t a l y s t .  C h l o r l n e  p o l s o n l n g  has a l s o  been I n v e s t i g a t e d  
and t h e  c h l o r l n e ,  l l k e u l s e .  appears t o  d e a c t l v a t e  by reduc lng  t h e  s u r f a c e  Cu'l 
t o  Cuo. U n l l k e  I r o n  po lson lng .  XPS and EOS a r e  b o t h  a b l e  t o  d e t e c t  t h e  presence 
o f  c h l o r l n e  on the  sur face  as w e l l  as a r e d u c t l o n  I n  t h e  Cu/Zn r a t l o  a t  t h e  
c a t a l y s t  surface. The rnechanlsrns o f  d e a c t l v a t l o n  a r e  n o t  w e l l  understood a t  t h l s  
t lme and are c u r r e n t l y  t h e  s u b j e c t  o f  con t inued research. 

Concluslon 

From t h l s  study I t  has been determined, u s l n g  t h e  Auger parameter, t h a t  Cutl i s  
t h e  a c t l v e  chemlcal s t a t e  o f  copper on t h e  sur face ,  and Is a p p a r e n t l y  s t a b l l l z e d  
by I t s  l n c o r p o r a t l o n  w i t h i n  the  ZnO l a t t i c e .  O e a c t l v a t l o n  1 s  b e l l e v e d  t o  occur by 
t h e  r e d u c t l o n  o f  Cu'l t o  Cuo. Po lson lng  b y  e l t h e r  Fe o r  C 1  I s  observed t o  
a l s o  proceed through a mechanlsm by u h l c h  t h e  Cu'l Is reduced t o  Cuo. 
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Table 1 

Resu l ts  o f  Copper Auger Parameter 
Determlnat lon  f o r  Copper Oxlde Standards and 

Cata lys t  Samples Analyzed by XPS 

Sample 

Clean Cu 

cu20 

CUO 

Fresh-Unreduced C a t a l y s t  

Fresh-Reduced C a t a l y s t  

Spent-Act lve C a t a l y s t  

Spent-Deact lvated C a t a l y s t  

Cu2p? /2Wl  Cu(LMM)(eVl2 a ' ( e v )  1 
932.1 334.8 1850.9 

932.1 336.8 1848.9 

933.2 335.6 1851.2 

933.6 336.2 1851 . O  

931 . l  336.2 1849.1 

931.9 336.5 1849.0 

932.0 336.6 1849.0 

932.0 334.6 1851 .O 

Cu2p3/2 energles presented as b lnd lng  energles.  
2 Cu(LMM) energies presented I n  t h l s  study as b l n d l n g  energles f o r  consistency. 
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CUZP,,, BINDING ENERGY (eV) 

Figure  1 :  Auger map d e p l c t i n g  r e s u l t s  of in sltu copper ox lde  s tudy.  

I 

I I 
I I 
I I 

I 

-834.0 -031.0 -832.0 -931.0 

CU~P,, BINDINQ ENERGY (cV) 

Figure 2: Auger map l l l u s t r a t t n g  the  observed changes i n  the  sur face  
copper o x i d a t i o n  s t a t e  f o r :  ( F ) f resh-as rece lved c a t a l y s t ,  
( R ) fresh-reduced c a t a l y s t ,  ( U ) methanol-act ive c a t a l y s t ,  
and ( S ) spent c a t a l y s t .  
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b 

-340 -338 -336 -334 -332 -330 
BINDING ENERGY, cV 

FIgure 3: Cu(LMI4) X-ray Induced Auger s p e c t r a  for ( A )  f r e s h ,  methanol- 
a c t l v e  c a t a l y s t  and ( B )  spent  c a t a l y s t .  
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RELATIONSHIP BETWEEN SURFACE STABILIZED Cu+ I N  COPPER- 
CHROMIA CATALYSTS AND ACTIVITY FOR METHANOL FORMATION. 
G.  Apai,  J. R. Monnier, M. J. Hanrahan, Research  
L a b o r a t o r i e s ,  Eastman Kodak, Roches t e r ,  New York 14650. 

Recent ev idence  s u g g e s t s  t h a t  i n  Cu-ZnO, t h e  Cu s p e c i e s  
may be t h e  component r e s p o n s i b l e  f o r  methanol  fo rma t ion .  Copper- 
chromium ox ide  c a t a l y s t s  a lso have s i m i l a r  s e l e c t i v i t y  f o r  
methanol s y n t h e s i s  under  r e a c t i o n  c o n d i t i o n s  l i k e  t h o s e  used  f o r  
Cu-ZnO c a t a l y s t s .  X-ray p h o t o e l e c t r o n  s p e c t r o s c o p y  and x- ray  
d i f f r a c t i o n  s t u d i e s  of t h e  Cu-Cr o x i d e  c a t a l y s t  i n d i c a t e  t h a t  
t h e  a c t i v i t y  f o r  methanol fo rma t ion  i s  a s s o c i a t e d  w i t h  a 
c r y s t a l l i n e  cuprous  ch romi te  phase.  The c o n c e n t r a t i o n  o f  
s u r f a c e  Cu+ s p e c i e s ,  s t a b l e  under H 2  r e d u c t i o n  or syngas  r e a c t i o n  
c o n d i t i o n s ,  i s  c o r r e l a t e d  w i t h  t h e  a c t i v i t y  f o r  methanol 
fo rma t ion .  Bulk s t a b i l i z a t i o n  o f  CuCrO (Cu+) a p p e a r s  t o  be 
r e s p o n s i b l e  f o r  t h e  s u r f a c e  s t a b i l i z e d  8u+ s p e c i e s .  
t r a t i o n  of s u r f a c e  Cu+ i s  dependent upon t h e  Cu/Cr r a t i o ,  t h e  
c a l c i n a t i o n  t empera tu re ,  and t h e  n a t u r e  o f  t h e  c a t a l y s t  p re -  
t r e a t m e n t .  Comparisons w i l l  be made between r ea l  and model 
c a t a l y s t s .  I n  a d d i t i o n  t h e  c o n c e n t r a t i o n  o f  t h e s e  Cu+ s i t e s  i s  
independent  o f  C 0 2  a d d i t i o n  t o  t h e  s y n t h e s i s  g a s  f eeds t r eam.  
The a s s o c i a t e d  decrease i n  c a t a l y t i c  a c t i v i t y  i s  a t t r i b u t e d  t o  
t h e  n o n - c a t a l y t i c ,  c o m p e t i t i v e  a d s o r p t i o n  of C 0 2  on s i t e s  a c t i v e  
f o r  CH30H fo rma t ion .  These r e s u l t s  f o r  Cu-Cr o x i d e  p r o v i d e  some 
i n t e r e s t i n g  s imi la r i t i es  and d i f f e r e n c e s  i n  comparison t o  t h e  
Cu-ZnO c a t a l y s t .  

+ 

The concen- 
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CHEMISORPTION OF CO. C02, 02 AND H2 ON THE 
Cu/ZnO METHANOL SYNTHESIS CATALYSTS 

G. E. P a r r l s  
Alr Products & Chemlcals, Trexlertown, Pennsylvanla 

and 

K .  K l l e r  
Department o f  Chemlstry, Lehlgh Un lve rs l t y .  Bethlehem, Pennsylvanla 

INTRODUCTION 

H l s t o r l c a l l y  t h e  successful  c a t a l y s t s  f o r  methanol syn thes ls  f rom , 
synthes ls  gas have always u t l l l z e d  zlnc oxlde. The a d d l t l o n  o f  chromla, , I  

Cr2O3, o r  alumlna, A1203 t o  t h e  z lnc  oxlde based c a t a l y s t s  were found 
t o  be b e n e f i c i a l  as supports f o r  extendlng c a t a l y s t  l l f e  and as promoters t o  
enhance the  c a t a l y t i c  a c t l v l t y  f o r  syn thes ls  o f  methanol. These c a t a l y s t s  
operate a t  h l g h  pressures (>200 atm) and temperatures (573-623 K ) ,  however. 
The a d d l t l o n  o f  copper ox lde  t o  these c a t a l y s t s  resu l ted  I n  much h lgher  
methanol syn thes ls  a c t l v l t y  a t  lower pressures ( 7 5  atm) and temperatures (523 
K )  than observed w l t h  the  pure  components on l y ,  o r  w l t h  t h e  ZnO/Cr2Og and 
ZuO/A1203 c a t a l y s t s .  (1.2).  I n  a d d l t l o n ,  t h e  method o f  p repara t l on  o f  
copper c a t a l y s t s  was found t o  be an extremely Impor tan t  f a c t o r ( 3 ) .  

I 

I These observa t ions  Imp l l ed  t h a t  t h e  f l n a l  s t a t e  o f  copper I n  the  mlxed 
Cu/ZnO/M 03 c a t a l y s t s  c r l t l c a l l y  determined t h e l r  h lgh  a c t l v l t y  and 
s e l e c t l v f t y  f o r  the  p roduc t i on  o f  methanol. The present work was undertaken t o  
determine t h e  chemlsorp t lon  p r o p e r t i e s  of CO, C02. 02 and H2 f o r  a se r ies  
o f  b l n a r y  copper-z lnc oxlde methanol syn thes ls  c a t a l y s t s  and thereby c l a r i f y  

I d e n t l f y l n g  t h e  na tu re  o f  t h e  r e a c t l v e  centers  I n  methanol synthesls ca ta l ys ts  
based on copper. 

t he  reason f o r  t he  observed mutual promot lon e f f e c t  between Cu and ZnO by I 

EXPERIMENTAL 

The Cu/AnO = 0/100-100/0 c a t a l y s t s  were cop rec lp l t a ted  from n i t r a t e  
SOlUtlOn by Na2C03, ca l c lned  and reduced w l t h  H2/N2 = 2/98 vo l  
accordlng t o  a procedure p rev lous l y  descr lbed I n  d e t a l l  (3 ,4 ) .  The adsorp t lon  
experlments were conducted I n  a g lass  h lgh  vacuum vo lumet r lc  adsorp t lon  
apparatus w l t h  a s t a t i o n a r y  background vacuum o f  
reduced on t h e  adso rp t l on  system w l thou t  exposure t o  a i r .  

approxlmately 16 kPa. 
fo l l ows :  
evacuate the  sample f o r  10 mlnutes then run  a second Isotherm, and (3 )  t h l s  
second Iso therm corresponds t o  the  weakly adsorbed gas and the  d i f f e r e n c e  
between t h e  f l r s t  and second Isotherms I s  t h e  s t r o n g l y  adsorbed gas. Oxygen 
chemlsorpt lon experlments were conducted a t  78 K accord lng  t o  t h e  procedure of 
Zettlemoyer e t  a1 ( 6 ) .  Sur face  area measurements were made us lng  t h e  BET 
method wt th  argon as adsorbate.  

I 

Pa. The c a t a l y s t s  were 

The CO and H2 Iso therms were measured a t  293 K up t o  a f l n a l  pressure o f  
The weak and s t rong capac l t l es  were determlned as 

(1 )  run  an adso rp t l on  Iso therm on a reduced and a c t i v a t e d  sample, (2)  
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Carbon d iox ide  Isotherms were s tud ied  a t  523 K and 293 K on pure ZnO and 
on the  Cu/ZnO = 30/70 c a t a l y s t  sample. For ana lys i s  o f  t he  gas phase 
composi t ion I n  mixed gas CO/COz redox s tud ies  a Var lan  VGA-100 quadrapole gas 
ana lyzer  was i n s t a l l e d  on t h e  chemisorpt ion apparatus.  The f u l l  d e t a i l s  o f  
these experiments a re  repor ted  elsewhere (5 ) .  

RESULTS AND DISCUSSION 

CO. 03 and H3 ChemisorDtion 
The t o t a l  CO capac i t i es  p l o t t e d  I n  F lgure  1 a re  seen t o  lnc rease w i t h  

Inc reas ing  copper conten t  i n  t h e  b ina ry  Cu/ZnO c a t a l y s t s ,  w i t h  maximum coverage 
ob ta ined f o r  pure copper. 
a t  293 K. the  sa tura ted  coverage obtalned f o r  C O  on copper i s  8 = 0.15-0.18 
us ing  t h e  range o f  s i t e  d e n s i t i e s  est imated f o r  copper surfaces. The s t rong  C O  
f r a c t i o n  however, shows a double humped fea tu re  w i t h  broad maxima a t  t h e  Cu/ZnO 
= 30/70 and 67/33 compositions. I n  F igu re  2 I s  shown a comparison between the  
weak CO and I r r e v e r s i b l e  02 chemisorpt ion data.  
f l g u r e  t h a t  weak CO capac i t i es  show good l i n e a r i t y  w i t h  I r r e v e r s i b l e  02 
adsorp t ion ,  has zero i n t e r c e p t  and c o r r e c t l y  p r e d i c t s  t h e  observed CO capac i t y  
on pure copper. 

The ser les  o f  b ina ry  Cu/ZnO c a t a l y s t s  s tud led  here may be d i v i d e d  i n t o  two 
groups, Cu/ZnO = 0/100-30/70 and 40/60-67/33 composi t ions,  which are  
d i s t i n g u i s h a b l e  by t h e i r  c r y s t a l l i t e  s izes  and morphological  c o n s t i t u t i o n s  a s  
repor ted  e a r l i e r  ( 7 ) .  A l s o ,  a subs tan t i a l  p o r t i o n  o f  copper was found t o  be 
X-ray amorphous ( 8 )  and scanning t ransmiss ion  e l e c t r o n  rnlcroscopy analyses 
showed t h l s  amorphous copper t o  be i n  t h e  ZnO phase ( 7 ) .  I n  an a t tempt  t o  
c o r r e l a t e  the  chemisorpt ion behavior determined here, w l t h  the  m ic ros t ruc tu re  
and d i s t r i b u t i o n  o f  elements repor ted  e a r l i e r  i n  the  c a t a l y s t  p a r t i c l e s ,  f o u r  
models a re  proposed below t o  descr ibe  the  adsorp t lon  behavlor o f  oxygen and 

Whi le no adso rp t l on  o f  CO was observed on pure  ZnO 

I t  can be seen from t h e  

carbon monoxide. They a re  as fo l l ows :  

Model I 

Model I 1  

I r r e v e r s l b l e  02 and weak and s t rong  C O  adsorp t lon  occurs on 
copper c r y s t a l l l t e s  on l y .  

I r r e v e r s i b l e  02 and weak CO a r e  adsorbed on copper 
c r y s t a l l l t e s ;  s t rong  CO adsorbs on s o l u t e  copper. 

Model I 1 1  I r r e v e r s i b l e  02 i s  adsorbed on copper c r y s t a l l i t e s  and s o l u  
copper. Weak and s t rong  CO a r e  on copper c r y s t a l l i t e s .  

e 

Model I V  I r r e v e r s i b l e  02 I s  adsorbed on copper c r y s t a l l l t e s  and s o l u t e  
copper. Weak CO on copper c r y s t a l l i t e s .  s t rong  C O  on s o l u t e  
copper. 

I t  i s  apparent f rom F lgure  2 t h a t  t h e  s i t e s  f o r  weak CO and i r r e v e r s i b l e  
O2 are  the  same and can r e a d i l y  be a t t r i b u t e d  t o  the  c r y s t a l l l n e  copper 
phase. Fur ther .  t he  s t rong CO capac i t i es  cannot be c o r r e l a t e d  d l r e c t l y  w l t h  
I r r e v e r s i b l e  O2 capac i t l es  and Models I .  111 and I V  a re  t h e r e f o r e  d iscarded.  
On t h i s  basis.  us ing  the  s p e c i f i c  adsorp t lon  o f  02 on pure copper as w e l l  as 
t h e  measured t o t a l  surface areas t h e  copper and zinc ox ide  sur face  areas In t h e  
composite c a t a l y s t s  were determined and the  r e s u l t s  a re  shown i n  Table 1. 
methanol synthesis a c t i v i t y  does no t  c o r r e l a t e  w l t h  e i t h e r  t h e  ZnO o r  Cu 
sur face  areas i n  t h e  i n d l v l d u a l  c a t a l y s t s .  

The 
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w i t h  the  z inc  ox lde  surface areas a v a l l a b l e  a t e s t  can be made o f  t h e  i 
dependence o f  s t rong  C O  capac l t l es  on t h e  sur face  concent ra t lon  o f  s o l u t e  
copper assuming t h e  sur face  concent ra t lon  t o  be p ropor t l ona l  t o  the  bu lk  
concent ra t lon  repor ted  by Bulko e t  a1 ( E ) .  The p l o t  o f  sur face  coverage by 
s t rong  CO aga ins t  t h e  concent ra t ion  o f  copper s o l u t e  shown I n  F igure  3 has a 
l l n e a r  p o r t l o n  f o r  each morphology. 
molecules t l t r a t e  t h e  sur face  copper so lu te  s i t e s ,  then t h e  basal  (0001) ZnO 

planes, which predomlnate I n  the  composi t ional  ranges Cu/ZnO = 40/60-67/33 and 
0/100-30/70 r e s p e c t l v e l y .  Since the  basal  p lane o f  ZnO I s  f o rma l l y  
e l e c t r o s t a t i c a l l y  charged w h l l e  t h e  p r l sm p lane l s  not ,  i t s  h lgher  accomodatlon 
o f  copper I s  c o n s l s t e n t  w i t h  the  Idea t h a t  t he  so lu te  copper species a re  a l s o  
charged. These s o l u t e  copper s l t e s  a re  the re fo re  consldered t o  be t h e  a c t i v e  
centers f o r  s t rong  carbon monoxide adso rp t l on  and the  adsorp t lon  
c h a r a c t e r l s t l c s  o f  C O  and 02 are  adequately descr lbed by Model 11. 

The amounts o f  weakly adsorbed hydrogen I s  p ropor t l ona l  t o  t h a t  o f  
I r r e v e r s i b l y  adsorbed 02 bu t  t he  r e l a t j o n s h i p  i s  no t  l l n e a r .  Fur ther ,  t h e  
weak H2 c a p a c i t i e s  l l e  above the  capac l t l es  p red ic ted  by pure  copper metal  
and cannot be accounted f o r  by t o t a l  H2 coverage on m e t a l l l c  copper surface. 
Wlthout f u r t h e r  evidence the re fo re ,  adsorp t ion  o f  H2 on copper s o l u t e  s i t e s  
on the  ZnO phase, c rea ted  by the  Cu-ZnO i n t e r a c t i o n s ,  cannot be excluded. 

Redox Behavior w i t h  CO/CO:, H l x tu res  

and are o f  p a r t l c u l a r  i n t e r e s t  f o r  t h e  Cu/ZnO = 30/70 c a t a l y s t  s lnce  It i s  the 
most a c t l v e  one and was used by Cha t l kavan l j  ( 9 )  I n  CO2 k l n e t l c  s tud ies .  

The C02 isotherms a t  523K on a f r e s h l y  reduced (2% H2 i n  N2) show 
t h a t  there  I s  a very  s t rong l n t e r a c t l o n  o f  t h l s  gas w i t h  t h e  Cu/ZnO = 30/70 
c a t a l y s t ,  t h l s  l n t e r a c t l o n  being s t ronger  b u t  apparent ly  l e s s  ex tens lve  than 
w l t h  pure ZnO. No carbon monoxide was found i n  the  gas phase when pure C02 
was added. 
however, a b u l l d  up of  C02 I n  the  gas phase was detected. 
dependence of t h e  p a r t i a l  pressure o f  desorbed C02 I s  shown I n  F lgure  4 f o r  
pure ZnO as w e l l  as Cu/ZnO = 30/70 samples. 
i n  the  samples o f  F igu re  4 and the  ZnO areas used I n  a l l  samples were s l m l l a r .  
Also,  a d d i t i o n  o f  C02 t o  CO-reduced then outgassed samples gave C O  I n  the  gas 
phase. and as F lgu re  5 shows, t r r e s p e c t l v e  o f  whether o r  n o t  C02 \ s  I n l t l a l l y  
present on t h e  surface, t he  amount o f  C02 desorbed upon CO a d d i t i o n  depends 
on ly  upon t h e  mole f r a c t l o n  o f  CO i n  the  gas phase. 

Kofstad (12)  by t h e  equat lon  

Therefore, I f  the  s t rong ly  bound CO 

planes tend t o  accomodate more s o l u t e  copper atoms than t h e  p r l sm (1010) ) 

, 

I 

The s tud ies  on the  redox behavior o f  t h e  Cu/ZnO c a t a l y s t s  were done on, 

Upon a d d l t l o n  o f  C O  a t  523 K t o  a f r e s h l y  reduced c a t a l y s t ,  
The t ime 

There was no preexposure t o  C02 

4 

1 The redox e q u l l l b r l u m  can be represented us ing  t h e  de fec t  n o t a t l o n  o f  

where the  s u b s c r i p t  g denotes gas phase 0, I s  a l a t t l c e  oxygen anion and Vo 
I s  a l a t t i c e  oxygen an lon  vacancy. 
t h e  c a t a l y s t  su r face  are  g lven by equat lons (2 )  and ( 3 )  

Adsorpt lon e q u l l i b r l u m  f o r  CO and C02 on 
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whe’re subsc r lp t  s denotes surface. 

e q u i l l b r l a  data shown I n  F igure  5. 
Using equations (1 ) - (3 )  a model equat ion  was developed ( 5 )  f o r  t h e  redox 

It was es t lmated from f i t t i n g  t h e  data t h a t  

\ KC 0 
- =. 1.3 
K C 0 2  

and 
\ 

K g  = 40 

The value obtalned f o r  K g  i s  n e i t h e r  t h a t  f o r  t h e  redox e q u i l i b r i u m  o f  pure  ZnO 
nor pure C u 2 0 .  
i n te rmed ia te  composl t lon such as might be r e a l i z e d  f rom a d l s o l u t l o n  o f  copper 
i n  z lnc oxlde as proposed e a r l i e r  (4 ) .  K l l e r  e t  a1 ( l o ) ,  I n  a q u a n t i t a t i v e  
study o f  t he  k l n e t i c s  o f  methanol synthesis f o r  t he  Cu/ZnO = 30/70 c a t a l y s t  I n  
the  presence o f  C O 2 ,  repor ted  th ree  sets o f  constants w l t h  whlch bes t  f i t s  
were obtalned f o r  t h ree  cases l n v o l v l n g  compe t l t l ve  adso rp t l on  schemes o f  CO. 
C O 2  and H2. 
cons is ten t  w l t h  the  values they r e p o r t  f o r  t h e  scheme whereln C 0 2  competes 
w i t h  both CO and H2, bu t  CO and H2 a re  adsorbed on d i f f e r e n t  s i t e s .  

whereas Bulko e t  a1 (8 )  measured up t o  16.8%. Since I t  was e a r l i e r  concluded 
t h a t  t he  copper so lu te  species i s  a charged e n t i t y  i t  appears subs tan t l a ted  
t h a t  t he  so lu te  copper species e x l s t  as copper ( I )  I n  z lnc ox ide .  

This r e s u l t  po ln ts  t o  t h e  presence o f  a compound o f  5 

The values given above f o r  K g  and K c o / ~ C O ~  a r e  

The s o l u b l l i t y  l l m l t  o f  copper (11) ox lde  i n  z lnc  ox lde  I s  4-6% (11,12) 

C O N C L U S I O N S  

The f o l l o w i n g  Impor tan t  concluslons emerge from t h l s  work: 
. 1.  

and r e a d l l y  a t t r i b u t a b l e  t o  t h e  c r y s t a l l i n e  copper phase. 
2 .  The methanol syn thes ls  a c t l v l t y  does no t  c o r r e l a t e  w i t h  e i t h e r  t h e  

ZnO o r  C u  surface areas i n  the  cornposlte c a t a l y s t s .  

s i t e s  whlch a re  p r e f e r e n t i a l l y  accommodated on t h e  e l e c t r o s t a t l c a l l y  charged 
basal  p lane o f  ZnO. 

CO/C02 mix tures  a t  523 K w i t h  an e q u l l l b r i u m  constant t h a t  i s  d i f f e r e n t  f rom 
those f o r  pure ZnO o r  C u 2 0 .  

probably the  r e a c t l v e  centers  I n  methanol syn thes is  f rom synthes ls  gas. 

The s i t e s  f o r  weak CO and l r r e v e r s l b l e  02 adsorp t l on  a r e  t h e  same 

\ 3. Strong CO chemlsorpt lon I s  assoc ia ted  w i t h  t h e  sur face  copper s o l u t e  

4. The ZnO phase i n  the  cornposlte c a t a l y s t  undergoes redox e q u i l l b r l a  I n  

5 .  The so lu te  copper species e x l s t  as copper (I) i n  z inc ox ide  and are  

\ 
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F l  Ure 1 .  
T n i e r r l b l e  adsorpt lon  ( l r r e v e r i l b l e )  on t h e  cu/znO r a t l o  t n  the b lndry  
copper -z lnc  o r l d e  Catd lyStS .  

The dependence of t h e  cdrbon monoxlde s d t u r d t l o n  adsorv t lon  ( t o t a l )  1 
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4 

u) 
0 CHEMISORPTION ON C u / Z n O  CATALYSTS 

REVERSIBLE CO VS IRREVERSIBLE 02 

02 I IRREVERSIELEI M O L E S l M '  CATALYST i I O 6  

F I w r e  2. 
monoxlde and l r r e v e r s l b l y  chemlsorbed Oxygen l n d l c a t l n g  thd t  t he re  two 
adsorbates a r e  a measure o f  copper meta l  sur face area. 

The r e l a t l o n  between the  amounts of weakly chemlsorbed carbon 

3 
T I T R A T I O N  OF Cu SOLUTE SITES B Y  CO 

CONCENTRATION OF Cu SOLUTE SITES ON ZnO SURFACE, 

G-ATOM PER GRAM OF CATALYST ( ~ 1 0 5 )  

F lqu re  3 .  
m n o a l d e  on t he  concen t ra t l on  of amorphous copper found by . l - rdy  d l f f r a c t l o n  
dnd by STEM. 
10190. 20/00. and 30110 c a t a l y s t s  dnd t h e  (0001) basal  p lanes of Zno are  
exposed I n  the  Cu/ZnO Ij W b O .  50/50. and b 1 / 3 3  c a t a l y s t s .  

The dependence of t he  amount of  I r r e v e r r l b l y  ChernIrorbed carbon 

The (1010) p r l sm p lanes of ZInc ox lde a re  exposed I n  t he  Cu l l no  

/ 
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F l  u r e  4 .  The t lmc dependence of CO p a r t i a l  p ressure  over ZnO and Cu/lnO 
ca?a lys ts  a f t e r  CO 1 s  adml t ted  t o  c a t a l y s t  Prereduced I n  Hz/N2 L 2/98 "01. 
X a t  52313. 
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FlQUre 5 .  
CO2 desorbed from the  c a t a l y s t  sur face  less  t h e  i n l t l a l  amount o f  CO 
adsorbed p r i o r  t o  the  a d d l t i o n  of CO. on the  mole f r a r t l o n  of  CO I n  :he gas 
phase. 

The dependence of Q ~ , , ~ .  de f lned  as the  Cumulative amount o f  

I 
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i 
Nature of H2 Adsorption Sites in 

Cu/ZnO Synthesis Catalysts I 

D. L. Roberts and G. L. Griffin / 

Department of Chemical Engineering and Materials Science 
University of Minnesota, Minneapolis, MN 55455 

Abstract " i I 
For a co-precipitated Cu/ZnO mixture that is representative of methanol 

synthesis catalysts, we observe that H2 adsorption occurs at isolated Cu 
sites on the catalyst surface. 
those previously observed on pure ZnO samples in two respects: 
of H desorption energies is significantly higher (21-30 kcal/mole for the 
10:98 Cu:ZnO mixture, vs. 16-21 kcal/mole for pure ZnO), and the pretreat- 
ment temperature needed to activate the sites is lower (523 K for the 
Cu/ZnO mixture, vs. 673 K for pure ZnO). This suggests that the enhanced 
activity of Cu/ZnO catalysts, relative to ZnO catalysts, is due to Cu 
sites that adsorb H2 more strongly and which maintain their activity at 
lower temperatures. 

These H2 adsorption sites differ from 
The range 

Introduction 

Catalysts for the direct synthesis of alcohols from CO:H mixtures must 
satisfy two functional requirements. 
duction without directly dissociating the C-0 bond, and they must activate the 
H molecule to perform the reduction. 
effectively in the Cu/ZnO catalysts for methanol synthesis (1 , Z ) ,  which hydro- 
genate CO to CH30H with better than 99% selectivity (3). 

Understanding the hydrogenation mechanism on these ZnO-based catalysts is 
important, not only for selecting the optimum operating conditions for methanol 
catalysts but also for designing catalysts to perform higher alcohol synthesis or 
other hydrogenation reactions. As a prerequisite for understanding the hydrogen- 
ation mechanism itself, in this paper we discuss our current knowledge of the H2 
adsorption sites on ZnO and Cu/ZnO mixtures. 

They must activate the EO molecule for re- 

These two functions are combined quite 

I 

H2 Adsorption on ZnO 

The distinguishing feature of H2 adsorption on oxide catalysts is that 
adsorption occurs via heterolytic dissociation of the H2 molecule at polar 
surface sites consisting of co-ordinatively unsaturated cation-anion pairs. 
On ZnO, this adsorption process has been conclusively shown to occur at so-called 
Type I sites (4-7) :  I 
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Reaction 1 i s  demonstrated by bands in the IR spectrum of H p a t u r a t e d  ca ta lys t s  
a t  1710 cm-1 and 3490 cm-1, assigned to  Zn-H and 0 - H  stretching vibrations 
respectively (4-7) .  

The energetics of the Type I adsorption s i t e s  a re  f a i r l y  complex. 
t ion i s  activated b u t  reversible a t  room temperature. 
and desorption energies a re  observed, suggesting tha t  more than one kind of 
Type I s i t e  ex is t s .  The equilibrium adsorption energy i s  12-13 kca lho le ,  
the  activation bar r ie r  fo r  adsorption i s  3-8 kcal/mole, and the  desorption 
energy i s  16-21 kcal/mole ( 7 ) .  

Adsorp- 
A range of adsorption 

t 

A second type of H2 adsorption s t a t e  has a l so  been identified t h a t  i s  
i r revers ib le  a t  room temperature ( 5 ) .  

s t a t e .  
hydrogenation reactions,  a t  l eas t  fo r  the case of ethylene hydrogenation. The 
authors  go on t o  speculate tha t  Type I1 hydrogen may be bound in sub-surface 
s i t e s ,  and therefore i s  non-reactive. While this remains t o  be proven conclu- 
sively,  we will r e s t r i c t  the remaining discussion t o  Type I s i t e s .  

The geometry of the Type I s i t e s  has been pa r t i a l ly  determined. Tempera- 
tu re  programmed desorption experiments show tha t  H 2  molecules a re  adsorbed 
a t  spa t ia l ly  d iscre te  s i t e s :  
indicate tha t  desorption obeys f i r s t -order  kinetics (c f .  Fig. 1 below). Also, 
co-adsorbed H2-02 mixtures retain most of t h e i r  isotopic ident i ty  when desorbed. 
Both  results a r e  in marked contrast  t o  the  second order desorption kinetics 
and isotopic scrambling seen in TPD spectra of H 2  and 02 on metals, where H 
atoms may in te rac t  with any of several neighbors during desorption. 

The Type I s i t e s  a re  located within next-nearest neighbor proximity of 
each other. This i s  shown by the sh i f t s  of the ZnH and OH vibrational f re -  
quencies tha t  occur a s  H2 coverage increases. 
on the basis of electrodynamic and inductive interactions between osc i l l a t ing  
Z n H  and  OH dipoles, provided tha t  H 2  molecules adsorbed a t  d i f fe ren t  s i t e s  
a re  w i t h i n  two l a t t i c e  spacings of each other (9 ) .  
appear t o  be caused by long range electronic interactions involving the  ZnO 
conduction band electrons,  because the background transmission of the sample, 
and hence the Fermi leve l ,  remains unchanged during H 2  adsorption).  
evidence t h a t  the s i t e s  a re  spa t ia l ly  proximate i s  given by the  observation 
tha t  scrambling of H2-02 mixtures does occur readily over ZnO a t  room tempera- 
tu re ,  where adsorption i s  reversible ( 5 ) .  
exchange between Type I s i t e s  does occur, a l b e i t  with a modest activation 
barrier . 

T h i s  so-called Type I1 s t a t e  is  not IR 
\ ac t ive ,  and consequently has n o t  been studied as intensively as the Type I 

Dent e t  a l .  (8) have shown t h a t  Type I1 hydrogen i s  not involved in 

The coverage dependence of the TPD spectra 

These s h i f t s  can be explained 

( T h e  s h i f t s  do not 

Further 

This shows t h a t  migration and 

Additional information about the nearest-neighbor geometry of the s i t e s  
i s  provided by spectroscopic measurements of co-adsorbed CO:H 
( 1 0 , l l ) .  These resu l t s  show that the Z n H  vibrational band un8ergoes two 
sequential, d i scre te  frequency s h i f t s  as the CO coverage i s  increased. 
contrast ,  the OH vibration shows only a continuous frequency s h i f t  w i t h  
increasing CO coverage. 
have two nearest neighbor s i t e s  t h a t  can adso rb  CO, while the 0 anion of the  
Type I s i t e  has no such neighbors. 
occupied under the conditions of these experiments i s  known t o  occur a t  co- 
ordinately unsaturat'ed Zn cations (12),  t h i s  leads to  the perhaps surprising 
conclusion tha t  the Z n  cation of the Type I s i t e  has two unsaturated Zn cations 
as neighbors, while the  0 anion has no unsaturated cations as neighbors (other 

mixtures 

I n  

T h u s  the Zn cation of the  Type I s i t e s  appears to 

Since the CO adsorption s t a t e  t ha t  i s  

c 
227 



' I  

than its own Type I cation partner). 
Zn cations would be expected at an O= vacancy produced when a three-fold 
co-ordinated surface 0 anion is removed from the surface layer (10). More- 
over, if this anion vacancy is produced by a dehydration reaction with the 
proton of a neighboring surface OH group, then the unsaturated 0 anion that 
remains after proton removal can serve as the anion partner in the Type I 
site. 

oxygen plane $10). This is supported by the fact that Type I sites are most 
easily observed on powdered samples that contain a large fraction of polar 
planes in their crystal morphology (13), and also by the fact that sublimation 
occurs more readily on the basal oxygen face (14). However, recent studies of 
ZnO single crystal surfaces have raised the possibility that such vacancies 
might also be produced at step defects on the (1010) prism planes (15,16). 

by adsorbed H20 or CH30H (5): 

However, such a "triad" of unsaturated 

Such oxy en vacancies can be most easily imaged on the basal (0001) 

One other important feature of the Type I sites is their strong poisoning 

OR H 

2)  
I I  

I I  I I  
ROH + -Zn - 0- =+ Zn - 0- 

Reaction 2 is irreversible at room temperature, indicating that the desorption 
energy of these adsorbates is much greater than for H2. Quantitative measure- 
ments o f  the desorption energies are still needed. 

It is generally believed that the activation mechanism for producing the 
Type I site is dehydration to produce a cation-anion pair site. While this 
is certainly a necessary condition, experience in our laboratory has shown 
that it is not sufficient. Heating ZnO samples to less than 673K produces 
highly dehydrated surfaces, as indicated both by a sharp decrease in the IR 
bands due to residual OH species on the sample, and by the ability of the 
sample to re-adsorb H20. However, these surfaces are not active for the 
adsorption of H2. 
additional requirement for activating the Type I sites is that the dehydration 
step must also produce an 0' anion vacancy. Adsorption of H20 or CH30H thus 
represents a strong poisoning reaction, because these species re-occupy 
the O= vacancy. 

In light of the discussion above, this suggests that an 

H, Adsorption on Cu/ZnO 

The results discussed above have been obtained for pure ZnO. While the 
ZnO Type I sites have been suggested as the source of the hydrogenation 
activity in Cu/ZnO synthesis catalysts (3). their presence has not been con- 
clusively demonstrated on Cu/ZnO mixtures. 
we therefore examined the Hp adsorption behavior of a Cu/ZnO mixture with a 
10:90 Cu:Zn ratio, prepared using the co-precipitation technique described 
by Hermann et a1 . (3). 

and the Cu/ZnO mixture. 
temperature, the spectra were obtained by admitting the indicated pressure 

As a first test for their presence, 
' 

In figures 1 .and 2 we compare the H2 desorption spectra of pure in0 
After outgassing each sample at the necessary 

I 
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of H t o  the  sample ce l l  a t  room temperature, cooling the sample to  100K, 
evacsating the  non-adsorbed gas, and then warming the sample (heating ra te  = 
1.5 K/sec) while monitoring the flux of desorbing H2. This dosing procedure 
was required t o  overcome the activation bar r ie r  f o r  adsorption noted above. 

de ta i l  ( 7 ) .  
the presence of multiple binding states. 
w i t h  dosing pressure, indicating t h a t  the activation bar r ie r  fo r  adsorption 
increases w i t h  coverage. 
coverage, indicating f i r s t  order kinetics.  
indicated by the absence of isotopic scrambling, as noted above). The peak 
temperatures occur a t  170, 240, 270, and 310 K ,  corresponding t o  desorption 
energies of 12. 16, 18, and 21 kcal/mole, respectively.  No additional infor- 
mation about the individual s t a t e s  corresponding t o  each peak i s  available,  
except tha t  the s t a t e  a t  170 K has a unique OH vibrational frequency and a 
small enough desorption energy tha t  i t  i s  not occupied a t  room temperature. 
Finally,  we note t h a t  i t  is necessary t o  outgas the sample a t  673 K o r  
above i n  order to  observe any of these H2 adsorption s t a t e s .  

case w i t h  pure ZnO, we see tha t  the amount adsorbed increases with dosing 
pressure, indicating t h a t  adsorption is an activated process and t h a t  the  
activation bar r ie r  increases with coverage. The peak temperatures a r e  
again independent of H2 coverage, suggesting f i r s t  order desorption kinetics.  
However, two differences from the resu l t s  for  Z n O  a re  observed: The peak 
temperatures a re  310 K and 450 K ,  corresponding t o  desorption energies of 21 
and 30 kcal/mole. These a re  higher than the ranae of energies found f o r  ZnO. 
I n  a d d i t i o n ,  these experiments were performed using samples outgassed a t  523 K ,  
instead of the  673 K needed fo r  ZnO. As  mentioned above, pretreating Z n O  a t  
the lower temperature r e su l t s  i n  a surface with negligible H2 adsorption 
capacity . 

The r e su l t s  f o r  pure Z n O  (Figure 1 )  have been discussed elsewhere i n  more 
F i r s t  we note tha t  the spectra a re  qu i t e  complex, sugges t ing  

The amount of H2 adsorbed increases 

(First order kinetics a re  also 
The peak temperatures a re  only weakly dependent on 

The spectra f o r  the C u / Z n O  samples a re  shown in Fig. 2 .  As was the  

Discussion 

We f i rs t  consider what these r e su l t s  indicate about chemical bonding 
a t  the adsorption s i t e s  on C u / Z n O  ca ta lys t s .  The f a c t  t h a t  H2 adsorption i s  
observed a f t e r  pretreatment a t  much lower temperature for  the C u / Z n O  mixture 
than f o r  pure ZnO indicates e i ther  tha t  Cu species make i t  eas ie r  fo r  the  
Type I Z n O  s i t e s  t o  be activated,  o r  e l s e  t h a t  C u  species themselves can 
function as the  cations in Type I s i t e s  tha t  have a much lower activation tem- 
perature. Competitive adsorption experiments w i t h  C O : H 2  mixtures described 
elsewhere (17) indicate tha t  the l a t t e r  explanation i s  cor rec t ;  tha t  i s ,  the 
C u  species themselves par t ic ipa te  a s  the  cations i n  Type I s i t e s  analogous to  
those found on pure Z n O .  The lower temperature required t o  ac t iva te  the Cu 
s i t e s  suggests t h a t  the O= vacancy needed a t  a Type I s i t e  i s  more eas i ly  
produced a t  a Cu neighbor, which i s  consistent w i t h  t he  lower enthalpy of 
decomposition of bulk C u O  (36 kcal/mole for  C u O ,  vs. 81 kcal/mole fo r  ZnO (18)). 

T h e  higher desorption energy fo r  H2 may be the r e su l t  of the &electron 
vacancy on a divalent C u  cation, w h i c h  would s t a b i l i z e  the CuH hydride bond 
(19). 

Finally,  we consider the implication of these r e su l t s  fo r  the hydrogenation 
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mechanism on Cu/ZnO c a t a l y s t s .  The lower  pret reatment  temperature needed t o  
a c t i v a t e  t h e  Cu Type I s i t e s  i s  remarkably c o n s i s t e n t  w i t h  the  lower  ope ra t i ng  
temperature requ i red  f o r  Cu/ZnO synthes is  c a t a l y s t s ,  r e l a t i v e  t o  t h e  h igh  
pressure ZnO c a t a l y s t s .  The s t ronger  H2 adso rp t i on  energy may a l s o  c o n t r i b u t e  
t o  t h e  improved a c t i v i t y  o f  t h e  Cu/ZnO c a t a l y s t s ,  a l t hough  more d e t a i l e d  knowledge 

c l u s i o n  can be s t a t e d  w i t h  c e r t a i n t y .  F i n a l l y ,  i t  i s  i n t e r e s t i n g  t o  note t h a t  
t h i s  H2 adso rp t i on  behavior  has n o t  been repo r ted  f o r  Cu species prepared on 
o t h e r  supports. Th i s  suggests t h a t  t h e  b a s i c i t y  and/or t h e  t e t r a h e d r a l  co- 
o r d i n a t i o n  geometry o f  t h e  ZnO l a t t i c e  may be necessary t o  generate Type I 
ca t ion -an ion  s i t e s .  Th is  l a s t  p o i n t  suggests t h a t  t h e  p o t e n t i a l  o f  ZnO as a 
suppor t  ma te r ia l  f o r  hydrogenat ion c a t a l y s t s  should be more f u l l y  explored. 
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MICROSTRUCTURE OF Cu/ZnO/A1203 METHANOL SYNTHESIS CATALYSTS 
STUDIED BY SCANNING AND TRANSMISSION ELECTRON MICROSCOPY 

AND DIFFRACTION METHODS 

P. B. Himelfarb,  G.  W. Simmons, and K. K l i e r  

Department of Meta l lurgy  and M a t e r i a l s  Engineer ing ,  
Department of Chemistry,  and Center  f o r  Su r face  and 

Coat ings  Research, Lehigh Un ive r s i ty ,  
Bethlehem, PA 18015 

INTRODUCTION 

C a t a l y s t s  con ta in ing  Cu/Zn/Al a r e  w e l l  known a c t i v e  c a t a l y s t s  i n  
methanol s y n t h e s i s  and t h e  water-gas s h i f t  r e a c t i o n ,  and have been 
d e s c r i b e d  e x t e n s i v e l y  i n  t h e  l i t e r a t u r e  ( 1 - 6 ) .  However, l i m i t e d  i n -  
format ion  i s  a v a i l a b l e  on t h e  e lementa l  d i s t r i b u t i o n s  i n  t h e  v a r i o u s  
morphologies p r e s e n t  i n  t h e  many p r e p a r a t i v e  v a r i a n t s  of  t h e s e  c a t a -  
l y s t s .  The unders tanding  of t h e s e  m a t e r i a l  p r o p e r t i e s  and t h e i r  re- 
l a t i o n s h i p  t o  s y n t h e s i s  a c t i v i t y  is a primary goa l  i n  c a t a l y s t  cha r -  
a c t e r i z a t i o n .  In t h e  p r e s e n t  work, t r ansmiss ion  e l e c t r o n  microscopy 
coupled wi th  d i f f r a c t i o n  and e l emen ta l  a n a l y s i s  was used t o  compare 
t h e  chemical s t r u c t u r e ,  morphology and e l emen ta l  d i s t r i b u t i o n  i n  

i t h r e e  d i f f e r e n t  p r e p a r a t i o n s  of a c t i v e  Cu/Zn/Al c a t a l y s t s .  

EXPERIMENTAL 

, 
Two c a t a l y s t s  were prepared  from Z n ( I I ) ,  Cu( I1 )  and A l ( I I 1 )  ace-  i t a t e  s o l u t i o n  by c o p r e c i p i t a t i o n  wi th  sodium ca rbona te  a t  90°C u n t i l  

a pH of 6.9 w a s  reached t o  produce t h e  composi t ions ,  Cu/Zn/Al equa l  
t o  54.4/24.3/23.3 and 27.3/63.6/9.0 a t . % ( p r e p a r e d  a t  Lehigh Univers i -  
t y ) .  Another c a t a l y s t  was s i m i l a r l y  prepared  from n i t r a t e  s o l u t i o n  
a t  3OoC t o  produce Cu/Zn/Al equa l  t o  60.0/30.0/10.0 a t . %  (prepared  a t  
t h e  Un ive r s i ty  of V i r g i n i a ) .  In  a l l  p r e p a r a t i o n s ,  t h e  p r e c i p i t a t e s  

25OOC i n  a 60-70 cc/min 2% H 2 / N 2  mix ture  f o r  t h e  t ime r e q u i r e d  f o r  
t h e  s t o i c h i o m e t r i c  r e d u c t i o n  of CuO t o  Cu. Methanol s y n t h e s i s  a c t i v i -  
t ies  w e r e  determined i n ' a  t u b u l a r  f i x e d  bed f low r e a c t o r  equipped w i t h  
p r e s s u r e ,  t empera ture  and flow r a t e  c o n t r o l s  ( 7 , 8 ) .  Methanol y i e l d s  
were determined by g a s  chromatography. 

inc luded  a scanning  t r ansmiss ion  mode (STEM) was used i n  t h e  char -  
a c t e r i z a t i o n  s t u d i e s .  Samples were prepared  by d i s p e r s i n g  t h e  cata- 
l y s t  powders i n  e t h a n o l  and p l a c i n g  a drop  of t h e  d i s p e r s i o n  on a 
carbon coa ted  t i t a n i u m  g r i d .  Exposure t i m e  t o  a i r  was minimized by 
p repa r ing  and t r a n s p o r t i n g  specimens i n  a N 2  f i l l e d  g love  bag. Energy 
d i s p e r s i v e  X-ray a n a l y s i s  (EDS) f o r  e l emen ta l  i d e n t i f i c a t i o n  and 
q u a n t i f i c a t i o n  was ob ta ined  i n  t h e  manner desc r ibed  i n  r e f e r e n c e s  ( 4 )  
and ( 9 ) .  

, 

! were washed e x t e n s i v e l y ,  c a l c i n e d  i n  a i r  a t  35OoC, and reduced a t  
/ 

'\ 

A P h i l i p s  EM 400T t r ansmiss ion  e l e c t r o n  microscope (TEM) which 

RESULTS 

Methanol y i e l d s  and r e s p e c t i v e  s u r f a c e  areas f o r  t h e  c a t a l y s t s  
s t u d i e d  are g iven  i n  Table I. Data pub l i shed  f o r  c a t a l y s t s  of s i m i l a r  
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TABLE I 

ACTIVITIES OF Cu/Zn/Al CATALYSTS 

C a t a l y s t  Sur face  Area MeOH Yie ld  
# Cu/Zn/Al a t . %  m2/g g /g  c a t / h r  

1 60. 0/30.0/10.0a 54.2 
2 52.4/24.3/23.3' 26.0 

3 27.3/63. 6/9.0c 61.8 
4 67 .0 /33 .0 /0 .0  (7 )  7 . 4  
5 30 .0 /70 .0 /0  - 0  ( 7 )  39.3 

1 .35  
1.37 
1.55 

0.41 
1 .35  

aPrepared from y i t r a t e  s o l u t i o n ,  t e s t e d  a t  80 atm, 25S0C, 

bPrepared from a c e t a t e  s o l u t i o n ,  t e s t e d  a t  75 atm, 25OoC, 

'Prepared from y e t a t e  s o l u t i o n ,  t e s t e d  a t  75 a t m ,  250"C, 

GHSV = 5600 hr -  , H2/CO/C02 = 69/27/4 ( 8 ) .  

GHSV = 5000 h r - l ,  H2/CO/C02 = 70/24/6 ( 1 0 ) .  

GHSV = 3150 hr -  , H 2 / C O / C 0 2  = 70/24/6. 

Cu /Zn  composi t ions  p repa red  wi thout  A 1  a r e  g iven  f o r  comparison ( 7 ) .  
A s  shown, h i g h  y i e l d s  are main ta ined  wi th in  a l a r g e  v a r i a t i o n  i n  e l e -  
mental  composi t ion .  Elemental  d i s t r i b u t i o n ,  morphology, and chemical 
s t r u c t u r e  w e r e  de te rmined  f o r  c a t a l y s t s  1 and 3 ( c f .  Table  I ) ,  and 
t h e  r e s u l t s  were compared wi th  p rev ious ly  pub l i shed  d a t a  on c a t q l y s t  
2 ( 1 0 ) .  

Two d i s t i n c t l y  d i f f e r e n t  morphologies w e r e  observed i n  both  ca t a -  
l y s t s  1 and 3. One morphology was a p l a t e l e t  s t r u c t u r e  c o n t a i n i n g  
a l l  t h r e e  metals (Cu/Zn/Al) which gave a ZnO ( 0 0 0 1 )  e l e c t r o n  d i f f r a c -  
t i o n  p a t t e r n ,  and appeared s i m i l a r  t o  t h e  p l a t e l e t  morphology r epor t ed  
i n  c a t a l y s t  2 (10). The o t h e r  morphology w a s  l a c e l i k e  and conta ined  
two me ta l s  (Cu/Zn) i n  t h e  form of Cu and ZnO a s  determined by s e l e c t e d  
area d i f f r a c t i o n  (SAD). The l a c e - l i k e  morphology appeared  s i m i l a r  t o  
t h a t  found i n  an a c t i v e  Cu/ZnO (30/70 a t . % )  methanol c a t a l y s t  ( 4 , l l ) .  
Micrographs o f  t h e  t e r n a r y  p l a t e l e t  and b i n a r y  l a c e - l i k e  morphologies 
wi th  co r re spond ing  dark  f i e l d  images from ZnO a r e  g iven  i n  F igu res  1 
and 2 ,  r e s p e c t i v e l y .  The dark f i e l d  micrographs show t h a t  t h e  ZnO is 
more h igh ly  d i s p e r s e d  i n  t h e  t e r n a r y  p l a t e l e t  morphology. An SAD pat -  
t e r n  of a p l a t e l e t  i s  g i v e n  i n  F igu re  3 which shows t h a t  t h e  ZnO (0001) 
and Cu(T11) p l a n e s  a r e  p a r a l l e l  t o  t h e  s u r f a c e  of t h e  p l a t e l e t .  The 
e p i t a x i a l  r e l a t i o n s h i p  between t h e  Cu and ZnO shows t h a t  t h e  Cu[O521 
a x i s  i s  p a r a l l e l  t o  t h e  Z n O [ l ~ 1 0 ]  a x i s ,  which w a s  s i m i l a r l y  found i n  
c a t a l y s t  2 (10) and  i n  t h e  Cu/ZnO (30/70 a t . % )  c a t a l y s t  ( 4 ) .  Although 
t h e  spo t  p a t t e r n s  appear  t o  have been produced by s i n g l e  c r y s t a l s ,  
t h e y  o r i g i n a t e  from h i g h l y  d i s p e r s e d  Cu and ZnO c r y s t a l l i t e s  i n  
c r y s t a l l o g r a p h i c  r e g i s t r y .  

t e r n a r y  p l a t e l e t  and b i n a r y  l a c e - l i k e  morphologies,  and Cu and ZnO 
c r y s t a l l i t e  s i z e s  de te rmined  by X-ray d i f f r a c t i o n  l i n e  broadening a r e  
g iven  i n  Table  11 f o r  c a t a l y s t s  1 and 3. Publ i shed  d a t a  f o r  c a t a l y s t  
2 i s  a l s o  g i v e n  f o r  comparison ( 1 0 ) .  The m i c r o s t r u c t u r a l  s i m i l a r i t i e s  

C r y s t a l  s i z e s  of ZnO determined from TEM dark  f i e l d  images i n  t h e  

\ 

I 
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TABLE I1 

MORPHOLOGIES AND CRYSTALLITE SIZES O F  Cu/Zn/Al CATALYSTS 

Catalyst Bulk Composition Abundancea zno by TEM (nmIb XRD (nm)' 
# Cu/Zn/Al a t .% of Platelets p l a t e l e t  Binary ZnO cu 

\ 

I 
I 

1 60.0/30.0/10.0 z 10% 2.6 9.1 7.0 12.4 
-- -- 2 52.4/24.3/23.3 "100% 2-4 d 

3 27.3/63.6/9.0 20% 2.6 1 1 . 9  12.3 8.9 

a .  Given as t h e  p e r c e n t  abundance of t h e  t e r n a r y  p l a t e l e t  morphology 
compared t o  t h e  b i n a r y  l a c e - l i k e  morphology. 

bZnO c r y s t a l  s i z e s  are an average  of  100 measurements from TEM dgrk  
f i e l d  measurements produced from t h e  ZnO{1010}, {0002), and { l o l l )  
r e f l e c t i o n s  f o r  t h e  b i n a r y  morphology, and from t h e  ZnO(l'i00) d i f -  
f r a c t i o n  s p o t  f o r  t h e  p l a t e l e t  morphology. 

' C r y s t a l l i t e  s i z e s  determined by X-ray d i f f r a c t i o n  l i n e  broadening 
us ing  t h e  S c h e r r e r  e q u a t i o n  c o r r e c t e d  f o r  i n s t r u m e n t a l  broadening 
( 1 2 ) ;  t h e  C u { l l l }  and an average  from t h e  zno{lOiO}, I O O O Z ) ,  and 
{ l O I l )  r e f l e c t i o n s  were used.  

dLace-l ike b i n a r y  phase n o t  p r e s e n t .  

are  s t r i k i n g  i n  t h e  p l a t e l e t  morphology i n  t h a t  t h e  ZnO c r y s t a l  s i z e s  
are e s s e n t i a l l y  i d e n t i c a l  i n  c a t a l y s t s  1, 2 and 3 ,  and the e p i t a x i a l  
r e l a t i o n  between Cu and ZnO w a s  commonly observed. The h i g h e r  aver -  
age ZnO c r y s t a l  s i z e s ,  de te rmined  by X-ray d i f f r a c t i o n ,  r e f l e c t  t h e  
h igher  c o n c e n t r a t i o n  of t h e  b i n a r y  l a c e - l i k e  morphology which has  
larger ZnO c r y s t a l l i t e  s i z e s  t h a n  t h e  p l a t e l e t  morphology. I n  con- 
t r a s t  t o  c a t a l y s t s  1 and 3 ,  c a t a l y s t  2 had large ( g r e a t e r  t h a n  0 . 1  pm) 
Cu p a r t i c l e s  and t h e  b i n a r y  l a c e - l i k e  morphology w a s  n o t  d e t e c t e d  (10) 

Elemental d i s t r i b u t i o n s  i n  t h e  p l a t e l e t s  determined by EDS w e r e :  
C a t a l y s t  1 had t h e  composi t ion 4 .5 f  3.8 a t . %  Cu, 7 5 . 5 f  2.8 a t . %  Zn, 
and 20.0 f 1 . 9  a t . %  A 1  from 27 measurements, and c a t a l y s t  3 p l a t e l e t s  
conta ined  24 .5 f  7.9 a t . %  Cu,  56.6 f 5 . 8  a t . %  Zn, and 1 8 . 9 f  7.8 a t . %  A 1  
from 23 measurements. No A 1  was d e t e c t e d  i n  the  b i n a r y  l a c e - l i k e  
morphology i n  c a t a l y s t  3 ,  and i n  c a t a l y s t  1 a weak A 1  peak w a s  some- 
times observed which corresponded t o  less t h a n  1 w t . %  i n  t h e  b i n a r y  
morphology. N o  ev idence  o f  c r y s t a l l i n e  Al-containing compounds w a s  
found by e i t h e r  X-ray or e l e c t r o n  d i f f r a c t i o n  a n a l y s i s .  EDS a n a l y s i s  
of p l a t e l e t s  i n  c a t a l y s t  2 r e s u l t e d  i n  8 f 2 a t . %  Cu, 50 f 5 a t . %  Zn, 
and 4 2 f 4  a t .% A 1  ( 1 0 ) .  

DISCUSSION 

Comparison of t h e  methanol y i e l d s  for  t h e  t h r e e  Al-conta in ing  
c a t a l y s t s  s t u d i e d  shows t h a t  act ive c a t a l y s t s  can  be prepared  from 
e i ther  a c e t a t e  or n i t r a t e  s o l u t i o n s ,  and t h a t  h i g h  c o n c e n t r a t i o n s  of 
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Cu a r e  n o t  necessa ry  f o r  high a c t i v i t y .  

morphology because  t h e  only  o t h e r  morphology p r e s e n t  was l a r g e  in -  
a c t i v e  Cu p a r t i c l e s ,  a s  r epor t ed  e a r l i e r  (10). Since  methanol y i e l d s  
f o r  c a t a l y s t s  1, 2 and 3 a r e  s i m i l a r ,  and t h e  r e l a t i v e  abundance of  
t h e  p l a t e l e t  and l a c e - l i k e  morphologies v a r i e d  s i g n i f i c a n t l y  (see 
Table 11), t h e  a c t i v i t y  of t h e  p l a t e l e t  and l a c e - l i k e  morphologies 
must be comparable.  Binary Cu/ZnO c a t a l y s t s  have been prepared  wi th  
high methanol s y n t h e s i s  a c t i v i t y  (see c a t a l y s t  5 i n  Table I ) .  The 
a c t i v i t y  of t h e  b ina ry  l a c e - l i k e  morphology i n  c a t a l y s t s  1 and 3, 
which c o n t a i n s  l i t t l e  o r  no A l ,  s u p p o r t s  t h e  view t h a t  an A1203 com- 
ponent s e r v e s  b a s i c a l l y  as a s t r u c t u r a l  promoter ( 2 ) .  

t i e s  b u t  d r a m a t i c a l l y  d i f f e r e n t  Cu/Zn r a t i o s )  t o  c a t a l y s t s  of s i m i l a r  
Cu/Zn r a t i o s  prepared  wi thout  A 1  (see c a t a l y s t s  4 and 5 i n  Table I )  
shows t h a t  t h e  a d d i t i o n  of A 1  widens t h e  Cu/Zn composi t iona l  range 
which can  be used t o  produce a n  a c t i v e  c a t a l y s t .  Th i s  is  a r e s u l t  of 
t h e  inc reased  d i s p e r s i o n  of Cu and ZnO o c c u r r i n g  i n  t h e  Al-containing 
c a t a l y s t s .  

r e q u i r e  h igh  c o n c e n t r a t i o n s  of copper.  Three b a s i c  morphologies - 
l a rge  Cu p a r t i c l e s  ( g r e a t e r  than 0 . 1  p m ) ,  Cu/Zn/Al p o l y c r y s t a l l i n e  
p l a t e l e t s ,  and a b ina ry  Cu/ZnO morphology can  be  produced i n  d i f f e r e n t  
amounts by v a r i a t i o n s  i n  t h e  i n i t i a l  e l emen ta l  c o n c e n t r a t i o n s  and 
p repa ra t ion  c o n d i t i o n s .  The t e r n a r y  p l a t e l e t  and b ina ry  l a c e - l i k e  
morphologies a r e  a c t i v e  i n  methanol s y n t h e s i s ,  which i s  be l i eved  t o  
be a r e s u l t  of t h e  i n t i m a t e  d i s p e r s i o n  of t h e  C u  and ZnO c r y s t a l l i t e s  
i n  both morphologies.  The A1 component, which appea r s  amorphous, i s  
a s t r u c t u r a l  suppor t  i n  t h e  p l a t e l e t s ,  and widens t h e  Cu/Zn r a t i o  
range f o r  which h igh  d i s p e r s i o n  of  Cu and ZnO can  be ob ta ined .  

The a c t i v i t y  of c a t a l y s t  2 has  been a t t r i b u t e d  t o  t h e  p l a t e l e t  

A comparison of c a t a l y s t s  2 and 3 (which have s i m i l a r  a c t i v i -  

I n  summary, a c t i v e  Cu/Zn/Al methanol s y n t h e s i s  c a t a l y s t s  do n o t  
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Figure  1. E l e c t r o n  micrographs of  t e r n a r y  p l a t e l e t  morphology i n  
c a t a l y s t  3 (Cu/Zn/Al a t . % = 2 7 . 3 / 6 3 . 6 / 9 . 0 ) .  (a1 Br ight  
f i e l d  image, (b)  dark  f i e l d  image from a ZnO(1100) d i f -  
f r a c t i o n  s p o t  (see F i g .  3 ) .  

I 

0.lurr 
Figure  2 .  E l e c t r o n  micrograph of  b i n a r y  l a c e - l i k e  morphology i n  

c a t a l y s t  3 (Cu/Zn/Al a t . % = 2 7 . 3 / 6 3 . 6 / 9 . 0 ) .  ( a )  B r i g h t  
f i e l d  image, (b) dark  f i e l d  image from ZnO(lOIO}, 
{ O O O Z } ,  and {lOIl} d i f f r a c t i o n  r i n g s .  
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, 
Figure  3 .  S e l e c t e d  'area d i f f r a c t i o n  p a t t e r n  of t h e  t e r n a r y  

p l a t e l e t  morphology i n  c a t a l y s t  3 (Cu/Zn/Al a t . %  = 
2 7 . 3 / 6 3 . 6 / 9 . 0 )  showing randomly o r i e n t e d  Cu, from 
t h e  Cu{llll r i n g  p a t t e r n ,  and s i n g l e  c r y s t a l  p a t -  
t e r n s  of C u ( l l 1 )  and Zn0(0001),  de f ined  by t h e  
Cu(022) and znO(l i00)  d i f f r a c t i o n  s p o t s .  
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CRYSTAL AND CATALYTIC CHEMISTRY OF METHANOL SYNTHESIS 

william R. Moser, Randy LO, Edward G. DeMattia and John A. 
Willard 

Department of Chemical Engineering, Worcester Polytechnic 
Institute, 

Worcester, MA 01609 

Solid solutions of mixed metal oxides in the perovskite (AB0 ) 
and scheelite (AB0 families of crystals were used as host 
materials for the areparation of methanol synthesis catalysts. 
These materials contain a partial substitution of a copper (1+) 
ion in the A-sites of their structures and a zn(2+) ion in their 
B-sites as homogeneous solid solutions in a host lattice 
containing at least two other metal oxides. 

AxCul-x*yZ"l-y03 AxCUl-xByZn1-y04 

perovskite scheelite 

The synthesis of these unusual materials was accomplished by 
recognizing that copper oxides exist as an equilibrium mixture of 
Cu(l+) and Cu(2+) ions at temperatures in the range of 1100 C in 
air. utilizing high temperature synthesis techniques, copper was 
disproportionated to a mixture of copper(2+) and copper(l+) 
oxides under oxidizing conditions. When this equilibrium mixture 
was exposed at high temperatures to a metal oxide composition 
containing a substoichiometric amount of the A-site cation, the 
equilibrium was shifted to copper(l+) which was incorporated into 
the A-site of the host. Due to the removal of Cu(l+) from the 
equilibrating system by its location in the stable A-site, all of 
the copper was converted to cu( 1+). 

4Cu(2+)0 A 2Cu2(1+)0 + O2 
ll0OC 

1100 c 
xSrC03 + ysno2 

Support for the structure for these compounds was gained from an 
analysis of their magnetic susceptibility data, photoelectron 
spectra, x-ray diffraction data, and analytical analysis. The 
compounds were shown by the magnetic susceptibility data to be 
diamagnetic which was consistent with a d-10 copper(l+) ion. The 
absence of any shake-up structure in their ESCA spectra was 
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consistent only with a copper (1+) ion incorporated in the A-site 
of the solid state mixed metal oxide. Copper (2+) ions 
demonstrated large shakeup satellites in their ESCA spectra. 

The objective of the synthesis of these novel materials was to 
provide a homogeneous solid solution of both the copper(l+) and 
zinc(2+) ions in the lattices of metal oxides which have unusual 
thermal and structural stability under reducing conditions. 
Using these materials which were then further modified by other 
ions substituted in the A- or B-sites, gradual electronic changes 
may be made in the copper(l+) ion. The solid solution, ion 
modified compounds will be subsequently used to understand the 
activation of carbon monoxide in methanol synthesis. 

The activities of these materials as methanol synthesis catalysts 
were studied at 75 atm. and 230 C. The stabilities of the 
copper(l+) ions in the host lattices were examined between 200 C 
to 450 C in separate studies using diluted hydrogen in nitrogen. 
The methanol synthesis activities of these compounds when 
compared on a unit surface area basis were generally a bit lower 
than the copper modified zinc oxide catalysts prepared by 
coprecipitation. Their surface areas were substantially smaller 
than the Cu-Zn-0 catalyst. In only a few cases was the stability 
of these solid state solutions toward reduction to copper(0) 
superior to that of the copper modified zinc oxide catalyst. This 
finding was surprising since one would expect the Cu(l+) atom of 
about 0.96 atomic radius to be configurationally stable from 
purely structural considerations. However, location of the 
mono-cation in a substantially greater electronegative lattice 
position contrasted to its solution in pure ZnO, may account for 
the observation of accelerated reduction in most examples using 
the complex solid state inorganics. A comparison of the 
relative rates of reduction of the solid state inorganic 
solutions to the coprecipitated standard Cu-Zn-0 catalyst is 
shown in Figure 1. These data show that the metal ion 
composition may be used to regulate stability. 

A study of the ease of reduction to metallic copper in a series 
of 10% metal ion modified copper zinc (25%/65%) oxide catalysts 
was performed. In addition a newly developed attrition test was 
used to examine the attrition resistance of these catalysts to 
mechanical wear. Ten percent concentrations of lanthanum, 
aluminum, magnesium,strontium, zirconium, tin, tungsten, 
molybdenum and chromium oxides were prepared with 25% copper 
oxide and 65% zinc oxide by coprecipitation. These modified 
compositions were found to be of superior mechanical strength 
when compared to unmodified 30% copper oxide-’lO$ zinc oxide. In 
most cases the unmodified catalyst was reduced in hydrogen more 
easily than the modified ones. The solid state inorganic 
solutions of copper in the perovskite or scheelite crystals 
classes were substantially more attrition resistant than the 
modified copper zinc oxide systems. 
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POSSIBLE RELATIONSHIPS OF SITES FOR CO ADSORPTION WITH METHANOL 
SYNTHESIS A C T I V I T Y  OF SUPPORTED Pd CATALYSTS 

H.  D e l i g i a n n i ,  R.  L. M i e v i l l e .  and J. B.  P e r i  

Amoco O i l  Company, P.O. Box 400, N a p e r v i l l e ,  I l l i n o i s  60555 

Pd/Si02  c a t a l y s t s  w i th  and wi thou t  promoters  f o r  methanol s y n t h e s i s  have 
been p rev ious ly  s t u d i e d  (1-6),  w i t h  p a r t i a l l y  c o n t r a d i c t o r y  conc lus ions .  Lunsford .  
e t  a l .  (3$, concluded t h a t  Pd s t r u c t u r a l  e f f e c t s  p l a y  an  impor t an t  r o l e  i n  t h e  
a c t i v i t y  of t h e  c a t a l y s t ,  s i n c e  c a t a l y s t s  w i t h  small Pd c r y s t a l l i t e s  produce  
methanol wh i l e  l a r g e r  c r y s t a l l i t e s  produce methane. Such s t r u c t u r a l  e f f e c t s  can b e  
induced by d i f f e r e n t  g rades  of s i l i c a  suppor t .  On t h e  o t h e r  hand, Ponec, e t  a l .  
(1 ,6)  b e l i e v e  t h a t  e l e c t r o n i c  f a c t o r s  a r e  more impor t an t  and Pd I1 "ions" are t h e  
Cen te r s  f o r  CO a c t i v a t i o n .  The number of such  s i tes  is presumably i n c r e a s e d  by t h e  
presence  of a l k a l i  metals. The e f f e c t  of a l k a l i  metals  such  as L i  appea r s  t o  be  
more complex ( 1 , 5 ) .  Whatever the  n a t u r e  of t h e  a c t i v e  c e n t e r s ,  t h e  a d d i t i o n  of 
b a s i c  metals as w e l l  a s  t h e  use  of  b a s i c  s u p p o r t s  (4)  promotes r e a c t i v i t y .  

EXPERIMENTAL 

The r e a c t o r  used i n  t e s t i n g  t h e  methanol s y n t h e s i s  c a t a l y s t  was a v e r t i c a l  
1/2" s t a i n l e s s  s teel  tube  enc losed  i n  a h inged  f u r n a c e .  Cy l inde r  CO and H 2  were f e d  
i n t o  t h e  system v i a  p r e s s u r e  r e g u l a t o r s  and Brook ' s  mass f low c o n t r o l l e r s .  
d e s i r e d  p res su re  was main ta ined  a t  t h e  r e a c t o r  o u t l e t  by a pneumat i ca l ly  ope ra t ed  
r e s e a r c h  c o n t r o l  va lve .  O u t l e t  f l ows  were measured by a w e t  tes t  meter. 

The 

Four grams of  vacuum-dried c a t a l y s t  (14-20 mesh) w e r e  d i l u t e d  ( i f  necessa ry )  
t o  a 10 c c  volume wi th  a-alumina p a r t i c l e s  and p l aced  c e n t r a l l y  i n  t h e  r e a c t o r .  The 
c a t a l y s t  was p r e t r e a t e d  i n  s i t u  by  pass lng  N, a t  150°C f o r  30 minutes .  and then  
pass ing  H 2  a t  340°C f o r  1 hour .  A c t i v i t i e s  were measured a f t e r  two hour s  runn ing  i n  
a H l / C O  feed  of mole r a t i o  2 /1 .  

I n f r a r e d  a n a l y s i s  were performed on a computer ized  I R  Beckman 4260 as 
p rev ious ly  desc r ibed  (7). C o r r e c t i o n s  were a p p l i e d  f o r  changes i n  background bands  
( a r i s i n g  from t h e  suppor t )  caused  by c o o l i n g  of t h e  sample when CO was admi t t ed  t o  
t h e  cel l .  Some s p e c t r a  were recorded  wi th  a Perkin-Elmer 1550 FTIR spec t romete r .  

The c a t a l y s t s  were prepared  using two d i f f e r e n t  ba t ches  of Davison s i l i ca  
g e l ,  57 and 59. 

Impregnated c a t a l y s t s  were prepared  by t h e  i n c i p i e n t  we tness  technique .  Pd 
ion  exchanged c a t a l y s t s  were p repa red  by t h e  fo l lowing  procedure :  The r e q u i r e d  
amount of  Pd (NH,)s(NO,), s o l u t i o n  was added t o  a s l u r r y  of t h e  mix tu re  g e l  and 
wa te r .  
After mixing f o r  1 hour ,  t h e  s i l i c a  w a s  washed and f i l t e r e d  and ,  f i n a l l y ,  c a l c i n e d  
a t  300°C f o r  2 h o u r s .  For the  L i  doped samples ,  L i  was added a s  t h e  hydroxide  p r i o r  
t o  t h e  Pd impregnat ions .  

RESULTS AND DISCUSSION 

The water  w a s  a l k a l i z e d  by adding  a few d rops  of NH+OH t o  make t h e  pH -9.5.  

A c t i v i t y  Measurements 

The r e p r o d u c i b i l i t y  of  a c t i v i t y  measurements by t h e  r e a c t o r  was t e s t e d  and 
found t o  be about  220% of  t h e  a b s o l u t e  va lue  i n  terms of CO conve r t ed .  
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Some p r e l i m i n a r y  r e s u l t s  on  p r e t r e a t m e n t  v a r i a t i o n s  i n d i c a t e d  t h a t  t h e  
i n i t i a l  a c t i v i t y  of t h e  unreduced Pd c a t a l y s t s  was h a l f  t h a t  o f  t h e  f u l l y  reduced 
c a t a l y s t ,  b u t  that  o n  i n c r e a s i n g  time on scream, t h e  a c t i v i t y  approached t h a t  of t h e  
f u l l y  p r e t r e a t e d  c a t a l y s t .  

Two d i f f e r e n t  b a t c h e s  of 'Davison  s i l i c a ,  #57 and 1/59, were used  i n  p r e p a r i n g  
t h e  c a t a l y s t s .  
d i f f e r e n c e s  i n  t h e  r e s u l t s  observed ,  as shown i n  T a b l e  I .  

Although s p e c i f i c a t i o n s  f o r  t h e  two were t h e  same, t h e r e  were some 

T a b l e  I. V a r i a t i o n  i n  S i l i c a  Suppor t  

C o n d i t i o n s :  500 p s i g ,  SV = 900 hr- ' ,  275°C 
and H,:CO = 68.2:31.8 

Method of % CO Converted 
C a t a l y s t  Pd Addi t ion  t o  MeOH 

5% Pd/SiO, 57 Impregnated 0.8 
5% Pd/Si02 59 w i t h  PdC12 s o l u t i o n  2.5 

5% Pd/SiO, 59 Pd(NH3) b(N03)z 3 .O 
5% Pd/1.6% Li/SiO2 5 7  Impregnated w i t h  4.6 
5% Pd/ l .6% Li/SiOZ 5 9  PdC1, s o l u t i o n  6.0 

5% Pd/SiO, 57 I o n  exchanged w i t h  1 .2  

I n  a l l  c a s e s ,  Davison 59 showed a n  i n c r e a s e  i n  a c t i v i t y  over  Davison 57 .  
However, t h e  i n c r e a s e  was s m a l l e s t  w i t h  t h e  L i  promoted c a t a l y s t ,  s u g g e s t i n g  t h e  
d i f f e r e n c e s  i n  a c t i v i t y  may a r i s e  out o f  d i f f e r e n c e s  i n  t h e  amount o f  r e s i d u a l  
a l k a l i  meta l  contaminant .  

D i f f e r e n c e s  i n  t h e  mode of adding  Pd t o  t h e  s u p p o r t  e v i d e n t l y  made l i t t l e  
d i f f e r e n c e  i n  t h e  a c t i v i t y  of t h e  c a t a l y s t  as shown by t h e  d a t a  of T a b l e  11. 

Table  11. V a r i a t i o n  i n  Pd A d d i t i o n  
Condi t ions :  As i n  Table  I 

C a t a l y s t  Method of Pd Addi t ion  % CO Converted t o  MeOH 
5% Pd/SiO, 59 Impregnated wi th  PdC1, 2 .5  
5% Pd/SiO, 59 Impregnated wi th  Pd(N03), 2.0 
5% PdlSiO, 59 I o n  Exchanged w i t h  Pd(NH3)4(N03), 2 .0  
1.5% Pd/SiO, 57 Impregnated wi th  PdC12 0 . 9  
1.5% Pd/SiO, 57 Impregnated with Pd(N03), 0.8 

These d a t a  were o b t a i n e d  on c a t a l y s t s  ion-exchanged w i t h  amino n i t r a t e  
complex o r  impregnated w i t h  e i t h e r  t h e  n i t r a t e  o r  c h l o r i d e  s a l t .  

S i g n i f i c a n t  d i f f e r e n c e s  were observed  when L i  was added a s  a promoter .  

Table  111. E f f e c t  of Li thium Promotion 
Condi t ions :  A s  i n  Table  I 

C a t a l y s t  
5% Pd/Si02 57 
5% P d / S i O ,  57 + 1 .6% Li 
5% P d / S i O z  59 
5% Pd/Si02 59 + 1.6% L i  
5% Pd/SiO, 59 
5% P d / S i O ,  59 + 1.6% L i  
1.5% Pd/SiO, 59 
1.5% Pd/SiO, 59 + 1.6% L i  

Method of Pd Addi t ion  
Impregnated w i t h  
PdC1, 
Impregnated w i t h  
PdC1, 
Impregnated w i t h  
Pd(NO,), 
I o n  exchanged w i t h  
Pd(NH3) 4 ( N 0 3 ) ~  
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% CO Converted t o  MeOH 
0.8 
4 . 6  
2 .5  
6.0 
2.0 
5.0 
3.0 
4 . 3  
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Table  111 shows t h a t  L i  always i n c r e a s e d  t h e  a c t i v i t y  for e v e r y  c a t a l y s t  
type  used. The i n c r e a s e ,  however, w a s  s m a l l e s t  f o r  t h e  Pd i o n  exchanged on s i l i c a  
59 p o s s i b l y  s i n c e  wi thou t  L i  t h i s  c a t a l y s t  had a h ighe r  a c t i v i t y ,  b u t ,  a l s o .  t h i s  
sma l l e r  i n c r e a s e  could  be a r e s u l t  o f  t h e  absence  of r e s i d u a l  a l k a l i  i n  t h e  s u p p o r t .  

I n f r a r e d  Spec t r a  

F igu res  1 t o  5 r e p r e s e n t  I R  s p e c t r a  of CO adsorbed  on some of t h e  c a t a l y s t  
samples whose a c t i v i t i e s  were measured i n  a t t e m p t i n g  t o  r e l a t e  c a t a l y s t  performance 
t o  c a t a l y s t  s u r f a c e  p r o p e r t i e s .  Each spec t rum i s  c h a r a c t e r i z e d  by bands  n e a r  -2075 
and 1975 cm-l cor responding  t o  weakly-held CO p r e v i o u s l y  a s s igned  t o  l i n e a r  and 
br idged  bonding of CO on Pd, r e s p e c t i v e l y  (E). The s p e c t r a  a f t e r  e v a c u a t i o n  and 
t h e r e f o r e  re r e s e n t i n g  s t r o n g l y  he ld  CO, t y p i c a l l y  show less i n t e n s e  bands n e a r  2060 
and 1900 cm-', aga in  r e f l e c t i n g  l i n e a r  and b r idged  CO.  Add i t iona l  bands  can  a l s o  be 
seen .  

' 
These probably  r e f l e c t  v a r i o u s  b r idged  CO s p e c i e s  h e l d  on d i f f e r e n t  c r y s t a l  

\ f a c e s  (8). 

F igu res  1 and 2 show s p e c t r a  of CO on 5% Pd/Si02  made by impregna t ion  of  t h e  
c h l o r i d e  and n i t r a t e  salt r e s p e c t i v e l y .  Although t h e  g e n e r a l  f e a t u r e s  a r e  similar,  
some d i f f e r e n c e s  a r e  observed  i n  r e l a t i v e  i n t e n s i t i e s  of t h e  bands n e a r  2075 and 
1975 cm-I cor responding  t o  a weakly-held l i n e a r  and b r i d g e  bonded CO. 
can a l s o  be seen  i n  t h e  f r e q u e n c i e s  of bands caused by s t rong ly -he ld  CO remain ing  
a f t e r  evacua t ion .  No d i f f e r e n c e  was observed  i n  t h e  re la t ive a c t i v i t i e s  of t h e  two 
c a t a l y s t s ,  however. 

D i f f e r e n c e s  

F igure  3 shows s p e c t r a  of CO on 1.5% Pd/SiOZ (ex .  PdC12) which w a s  r u n  on 
t h e  FTIR. Th i s  was t h e  on ly  case where a band a t  2165 cm-I was d e t e c t e d .  

F igure  4 shows t h e  e f f e c t  of L i  on t h e  CO/Pd s p e c t r a  ob ta ined  f o r  1.5% Pd 
ion-exchanged on Davison 59 s i l i c a .  The spec-  
trum of CO on t h e  c a t a l y s t  shows s i g n i f i c a n t  d i f f e r e n c e s  from t h o s e  on  t h e  impreg- 
na t ed  c a t a l y s t s .  A much more i n t e n s e  l i n e a r  CO band is  observed and a r e l a t i v e l y  
weaker bridge-bonded CO band. No d i f f e r e n c e  i s  seen  i n  t h e  l i n e a r  CO bands  (2060 

b r idged  CO bands ,  y e t  a sma l l  i n c r e a s e  i n  a c t i v i t y  was no ted .  
b r idged  CO bands i n  t h e  1850-1950 cm-l appear  t o  be p r o g r e s s i v e l y  dec reased  i n  
i n t e n s i t y  and s h i f t e d  t o  lower  f r e q u e n c i e s  as L i  c o n t e n t  i n c r e a s e s .  

(Note change i n  absorbance  s c a l e . )  

I 

\ and 2090 cm-l) when L i  i s  p r e s e n t .  Only a s l i g h t  d i f f e r e n c e  e x i s t s  between t h e  
The s t rong ly -he ld  

F igure  5 shows s p e c t r a  of CO on t h e  c a t a l y s t s  of  F igu res  1 and 2 ,  r e spec -  
t i v e l y ,  a f t e r  t h e  a d d i t i o n  of L i .  
e f f e c t  of L i  on t h e  CO s p e c t r a  i n  t h e  r e g i o n  above 1950 cm I n  t h e  r e g i o n  below 
1950 cm- l ,  however, t h e r e  was a s i g n i f i c a n t  i n c r e a s e  i n  b o t h  weakly and s t r o n g l y  
he ld  b r idged  C O .  There w a s  a l a r g e  co r re spond ing  i n c r e a s e  i n  a c t i v i t y ,  by  f a c t o r s  
of 6 and 3 ,  r e s p e c t i v e l y ,  when L i  w a s  p r e s e n t .  

Comparison w i t h  F igures-1  and 2 shows v e r y  l i t t l e  

DISCUSSION 

Spec t r a  of CO on Pd have  been thoroughly  d i s c u s s e d  e l sewhere  (9 ) .  I t  was 
i n i t i a l l y  hoped, and expec ted ,  t h a t  among t h e  v a r i e t y  of d i f f e r e n t  t y p e s  of bands 
observed  f o r  CO adsorbed  on s i l i c a - s u p p o r t e d  Pd some c o r r e l a t i o n  would be  found w i t h  
methanol s y n t h e s i s  a c t i v i t y .  No obvious  c o r r e l a t i o n  was, i n  f a c t ,  a p p a r e n t .  Some 
p rev ious  s p e c u l a t i o n  appea r s  t o  have  been  exc luded  by t h e  ev idence ,  however,  and 
p o s s i b l e  exp lana t ions  f o r  L i  promotion can  be  o f f e r e d .  

Carefu l  a t t e n t i o n  was pa id  t o  p o s s i b l e  a d s o r p t i o n  of  CO on PdZC i o n s ,  which 
woufd have been expec ted- to  g i v e  bands above 2100 cm apd even, by ana logy  w i t h  
N i Z  , as h igh  as 2195 cm 
i n  only  one i n s t a n c e .  T h i s  was observed  wi th  t h e  1 .5% Pd/SiOz (ex.  PdCIZ) sample 
(F igu re  3 ) .  

( 9 ) .  A band s u g g e s t i v e  of  PdZ a d s o r p t i o n  s i t e s  was seen  

Af te r  p r e r e d u c t i o n  a t  300°C and a d d i t i o n  of CO, t h i s  c a t a l y s t  showed a 
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v e r y  weak band a t  2165 cm-l which probably  ref lects  CO h e l d  on PdZ+ ions .  
c a t a l y s t  was ,  however,  one  of  t h e  l e a s t  a c t i v e  ( s e e  Tab le  1 1 ) .  
n o t  be expec ted  unde r  r e a c t i o n  c o n d i t i o n s  i n  any c a s e ,  b u t  t h e  f a c t  t h a t  a c t i v i t y  
w a s  found t o  i n c r e a s e  w i t h  i n c r e a s i n g  p r e r e d u c t i o n  of tQe c a t a l y s t s  and ,  i n i t i a l l y ,  
w i t h  i n c r e a s i n g  t i m e  on stream s t r o n g l y  a rgues  t h a t  Pd2 
p o s t u l a t e d  by  Ponec, e t  a l .  ( 2 , 6 ) ,  t h e  a c t i v e  s i tes .  

T h i s  
Unreduced Pd would 

s i t e s  a r e  n o t ,  as 

The i n f r a r e d  s p e c t r a  show t h a t  L i  a d d i t i o n  h a s  a small b u t  d e f i n i t e  e f f e c t  
on t h e  b r idged  bonding  of CO t o  Pd. 
exposed f a c e s  of Pd c r y s t a l l i t e s .  The e f f e c t  cou ld  be  e i t h e r  e l e c t r o n i c  o r  s t r u c -  
t u r a l  i n  n a t u r e .  The L i ,  i n  a p a r t i a l  o v e r l a y e r  on a Pd s u r f a c e ,  cou ld  a f f e c t  the 
e l e c t r o n i c  p r o p e r t i e s  of a d j a c e n t  Pd atoms, changing  t h e i r  subsequent  a d s o r p t i o n  of 
CO.  A l t e r n a t i v e l y ,  L i  might  promote exposure  of c r y s t a l  f a c e s  d i f f e r e n t  from those  
normal ly  p r e s e n t .  The e x i s t e n c e  of a n  e f f e c t  o f  L i  on b r i d g e  bonding of CO does 
n o t ,  of c o u r s e ,  mean t h a t  t h i s  is t h e  f a c t o r  r e s p o n s i b l e  f o r  a c t i v i t y  promotion by 
L i .  The d a t a  g e n e r a l l y  show no obvious  c o r r e l a t i o n  of a c t i v i t y  w i t h  any p a r t i c u l a r  
t y p e  of CO bonding  as r e v e a l e d  by  the  f requency  and i n t e n s i t y  of i n f r a r e d  bands 
a r i s i n g  from adsorbed  CO. 

Such bonding presumably occur s  main ly  on 

The f a c t  t h a t  wide d i f f e r e n c e s  i n  t h e  t y p e s  of CO a d s o r p t i o n  on reduced Pd 
made s o  l i t t l e  d i f f e r e n c e  i n  c a t a l y s t  a c t i v i t y  w h i l e  marked d i f f e r e n c e s  i n  a c t i v i t y  
were observed  on c a t a l y s t s  w i th  g e n e r a l l y  similar CO a d s o r p t i o n  s i tes  s u g g e s t s  t h a t  
some f a c t o r  o t h e r  t h a n  CO b i n d i n g  could  w e l l  be of major  impor tance .  T h i s  could  be 
t h e  a b i l i t y  of t h e  s u p p o r t  t o  h e t e r o l y t i c a l l y  d i s s o c i a t e  hydrogen t o  form hydroxyl  
and hydr ide  s p e c i e s  on  t h e  s u r f a c e .  Z inc  ox ide  i s  well-known f o r  i t s  a b i l i t y  t o  do 
t h i s  and ev idence  h a s  a l s o  been p r e s e n t e d  t h a t  MgO and La2O3 can  s i m i l a r l y  d i s -  
s o c i a t e  hydrogen. 
s i t e s  which e x h i b i t  th is  behav io r .  
e s s e n t i a l  f e a t u r e  needed f o r  methanol s y n t h e s i s  i n  a d d i t i o n  t o  t h e  non-d i s soc ia t ive  
a d s o r p t i o n  of  CO. The e f f e c t  of L i  may be  t o  p r o v i d e  s u r f a c e  s i tes  on s i l i ca  on 
which such d i s s o c i a t i o n  can  occur  more r e a d i l y .  F u r t h e r  work i s  p lanned  t o  i n v e s t i -  
g a t e  t h e s e  p o s s i b i l i t i e s .  Obvious ly ,  t h e  types  of  sites a v a i l a b l e  f o r  CO and  H, 
a d s o r p t i o n  under  r e a c t i o n  c o n d i t i o n s  may d i f f e r  from t h o s e  seen  on f r e s h  o r  used 
c a t a l y s t s .  
on t h i s  s u b j e c t .  Such s t u d i e s  a r e  a l s o  p lanned .  
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Pigure 3, ITIR Spectrum of CO Adsorbed on 1.5% Pd/Davison 5 7  S i l i c a  
(ex  PdCl2) 

A. CO (2.0 Torr); 
B .  After 5 min. evacuation. 

(?he background vas  mubtracted, but no corrections were 8ppl i ed . )  
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THE EFFECT OF ALKALI PROMOTION ON ALCOHOL SYNTHESIS OVER Rh/TI02 

S.C. Chuang, J . G .  Goodwin, Jr., and 1.Wender 

Chemical and Petroleum Engineering Department 
Un ive r s i ty  o f  P i t t s b u r g h  

P i t t s b u r g h ,  PA 15261 

I. INTRODUCTION 

The importance of t h e  d i r e c t  s y n t h e s i s  of h i g h e r  (C2-C6) a l c o h o l s  from 
s y n t h e s i s  gas  as a promising r o u t e  f o r  p rov id ing  c l e a n  f u e l s  and petrochemical  
f eeds tocks  i s  g e n e r a l l y  recognized. It i s  known t h a t  t h e  a d d i t i o n  of a l k a l i  s a l t s  
t o  methanol s y n t h e s i s  c a t a l y s t s  o f t e n  r e s u l t s  i n  g r e a t e r  y i e l d s  of h ighe r  
a l coho l s .  However, l i t t l e  is known about  how v a r i o u s  a l k a l i  s p e c i e s  a f f e c t  t he  
c a t a l y s t  component and a l c o h o l  s y n t h e s i s  r e a c t i o n .  Rh c a t a l y s t s  a r e  s imple y e t  
model systems f o r  s tudy ing  t h e  e f f e c t  of a l k a l i  promoters on CO hydro- 
condensat ion.  Depending on t h e  ox ide  suppor t  u sed ,  t h e  product  c a t a l y z e d  by Rh 
may be p r i m a r i l y  hydrocarbons o r  a l c o h o l s  (1 ,  2 ) .  This paper  r e p o r t s  on an 
i n v e s t i g a t i o n  o f  t h e  e f f e c t  of v a r i o u s  a l k a l i  s p e c i e s  (L i ,  K, and Cs) on CO 
hydrocondensat ion ove r  Rh/TI02. Rh/Ti02 was a n  a t t r a c t i v e  c a t a l y s t  t o  s tudy  s i n c e  
b o t h  hydrocarbons and oxygenated compounds are formed i n  s i g n i f i c a n t  q u a n t i t i e s  
du r ing  CO hydrogenat ion.  This provided t h e  p o s s i b i l i t y  t o  i n v e s t i g a t e  
s imul t aneous ly  t h e  e f f e c t  of alkali promotion on t h e  fo rma t ion  of t h e s e  two types 
of products .  

11. EXPERIMENTAL 

The alkal i -promoted rhodium c a t a l y s t s  were prepared by t h e  impregnation of 
Ti02 u s i n g  RhC13.3H20 and a n  a l k a l i  n i t r a t e  (L i ,  K, Cs) i n  aqueous s o l u t i o n  having 
a pH o f  3-3.5. The c a t a l y s t s  were prepared i n  such a way so t h a t  t h e  Rh loading 
was 3 w t X  and t h e  atom r a t i o  o f  a l k a l i  promoter t o  Rh was 1/2.  After  
impregnat ion,  t h e  samples were d r i e d  o v e r n i g h t  i n  a i r  a t  4OoC and reduced i n  
f lowing H2 on h e a t i n g  i n  5OoC s t e p s  (30 min.) t o  4OO0C and ho ld ing  f o r  16 h r .  
P r i o r  t o  r e a c t i o n ,  t h e  Ti02-supported c a t a l y s t s  were a g a i n  reduced i n  flowing 
hydrogen a t  5OO0C f o r  3 h r .  t o  induce s t r o n g  m e t a l a u p p o r t  i n t e r a c t i o n  (SMSI) 
(3 ) .  The s tudy  w a s  c a r r i e d  o u t  i n  a d i f f e r e n t i a l  r e a c t o r  a t  r e a c t i o n  cond i t ions  
of 25O-33O0C, 1 0  a t m ,  and CO/H2=2 .  A small amount o f  e t h y l e n e  (2.3 mole%) was 
added t o  t h e  r e a c t a n t  mix tu re  t o  s tudy t h e  s p e c i f i c  r e a c t i o n s  of t h i s  s y n t h e s i s .  

111. RESULTS AND DISCUSSION 

The a c t i v i t y  of CO conversion w a s  observed t o  dec rease  i n  t h e  order :  
unpromoted > Li > K > C s .  'Ihe r a t e s  of fo rma t ion  f o r  a l l  t h e  p roduc t s  decreased 
upon a l k a l i  promotion b u t  t h e  oxygenate s e l e c t i v i t i e s  were enhanced as shown i n  
F ig .  1. 'Ihis c l e a r l y  i n d i c a t e d  t h a t  t h e r e  w a s  l e s s  suppres s ion  i n  t h e  r a t e  of  
oxygenate fo rma t ion  than  i n  t h a t  of hydrocarbon formation.  It may sugges t  t h a t  
alkali promoters  have  a d i f f e r e n t  e f f e c t  on t h e  fo rma t ion  of oxygenates  than on 
t h a t  of hydrocarbons.  The s e l e c t i v i t y  o f  ace tone  p a r a l l e l e d  t h a t  of acetaldehyde 
sugges t ing  t h a t  the ace tone  may be formed by t h e  combinat ion o f  t h e  acetaldehyde 
i n t e r m e d i a t e  and a s u r f a c e  methyl s p e c i e s  as proposed by Schulz and Zein E l  k e n  
( 4 ) .  lhe d e c r e a s e  i n  mole r a t i o  of [MeCHO]/[EtOH] and ( o l e f i n ) / ( p a r a f f i n )  a s  
shown i n  Tab le  I may be a t t r i b u t e d  t o  the suppres s ion  of hydrogenat ion as a r e s u l t  
o f  a l k a l i  promotion.  Hydrogenation suppres s ion .has  been i d e n t i f i e d  a s  a major 
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e f f e c t  of a l k a l i  promoters on C O  hydrogenat ion over  t r a n s i t i o n  me ta l  c a t a l y s t s  (5 ,  
6) * 

Although oxygenate s e l e c t i v i t i e s  were enhanced upon a l k a l i  promotion, t h e  
cha in  growth p r o b a b i l i t y  based on ca rbon  number o f  bo th  oxygenates  and 
hydrocarbons w a s  only inc reased  s l i g h t l y  by a l k a l i  promotion. Less d e v i a t i o n  of 
t h e  e thy lene  f r a c t i o n  from t h e  Schulz-Flory d i s t r i b u t i o n  was a l s o  observed on 
alkal i -promoted c a t a l y s t s ,  i n d i c a t i n g  t h a t  t h e  e f f e c t  of e thy lene  i n c o r p o r a t i o n  
was l e s s  pronounced i n  t h e  presence o f  a l k a l i  promoters.  

In o r d e r  t o  v e r i f y  t h e  above f i n d i n g s ,  a small amount of e thy lene  12.3 mole 
X I  was added t o  t h e  r e a c t a n t  mixture .  'Ihe r e s u l t s  o f  e t h y l e n e  a d d i t i o n  are 
e s s e n t i a l l y  c o n s i s t e n t  w i t h  t h e  above f i n d i n g s .  

IV. CONCLUSIONS 
1. The r a t e  of CO conve r s ion  decreased i n  t h e  o rde r :  unpromoted 

> L i  > K > C s .  
2. The hydrogenat ion a b i l i t y  a l s o  dec reases  i n  t h e  o rde r :  unpromoted 

> L i  > K > C s .  
3. The a l k a l i  promoters had d i f f e r e n t  e f f e c t s  on t h e  formation of 

oxygenates  t h a n  on t h a t  of hydrocarbons.  
4. The a c t i v e  s i t e s  f o r  oxygenate formation du r ing  CO hydrogenat ion ove r  

Rh/Ti02 appeared n o t  t o  b e  s e n s i t i v e  t o  t h e  chemical  n a t u r e  of t h e  
a l k a l i  promoter.  
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TABLE I The E f f e c t  of  A lka l i  Promoter on [MeCHO]/[EtOH] 
and [o l e f in ] / [paraf f in l  Ratios 

[MeCHO] 
[EtOH] 0.3 

[C3-C501efins] 

[ C 3 - C 5  paraf f ins ]  2.7 

0.6 

5.0 

2.7 

4.6 

10.4 

4.2 

Reaction condi t ions :  CO/H2 = 2,  3OO0C, 1 0  atm 
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Figure  1: The E f f e c t  of A l k a l i  Promotion on Oxygenate S e l e c t i v i t y  
f o r  Rh/TiOZ (CO/H2 = 2, 3OO0C, 10 atm) 
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INTRODUCTIOR 

Heteropoly compounds are ionic  sol ids  with complex, high molecular weight 
anions, the l a t t e r  possessing a minimum o f  three elements. 
compounds possess a variety  o f  structures,  those of i n t e res t  in t he  present work 
have anions with cagelike structures,  o f t en  referred t o  as Keggin uni ts  
( F i g .  I). 
o q g e n  atoms which i s  i t s e l f  surrounded bg twelve octahedra o f  oqgen  atoms with 
a second metal atom at each o f  their  centres. The octahedra overlap and share a 
portion of t h e i r  o q g e n  atoms with each other and with those o f  t h e  central 
tetrahedron. 
peripheral metal atoms are commonly W ,  Mo, V ,  and T i .  

Although heteropolu 

These have a central metal atom contained within a tetrahedron of 

The central metal atom i s  t yp ica l l y  P ,  S i ,  As, while the 

Fortunately, detailed structural information f o r  some of the  heteropoly 
compounds i s  beginning t o  become available. 
w a s  that performed b.y Brmn, Noe-Spirlet, Busing and Le* (1 )  with X-rag 
cqstallography and neutron di f fract ion on 12-tungstophosphoric acid 
(H3PW12040-nH20). Their work showed that the proton i n  t h i s  heteropoly a c i d  i s  
surrounded b.y four  water molecules on ly  two of which are hgdrogen-bonded t o  the 
proton a t  a given time. 
through t h e i r  hydrogen atoms t o  the outer or terminal oxygen atoms of the anions 
(Fig. 21. 

One of t he  most detailed studies 

The water molecules are, i n  turn,  hgdrogen-bonded 

Heteropoly compounds have gained increasing in t e res t  i n  t he  last fa 
gears, largely as heterogeneous catalysts ,  but also i n  homogeneous catalysis  
(for example, r e f s .  2-6). One of the sources of t he  in t e res t  i n  t he  catatgtic - 
properties of these sol ids  undoubtedly l i e s  i n  t h e i r  multifunctional 
capabili t ies.  As a re su l t  of variation i n  t h e i r  elemental composition, 
v i r tua l l y  a continuous change i n  catalyt ic  functions can be achieved, ranging 
from that associated with Bronsted acidi ty  t o  that  wi th  oxidation catalysis ,  
while the  Keggin s tructure i s  retained, 

While the cation can be sham t o  influence the ca ta l y t i c  properties i n  
~ a r i o u s  w a y s ,  but pl.-Lncipally through changes i n  both the bulk and surface 
properties o f  t he  heteropoly compound, the present work i s  primarily concerned 
with the e f fect  o f  t h e  anion on the b u l k ,  surface and c a t a l y t i c  properties of  
heteropoly compounds. The influence of the avion, and i n  part icular  the nature 
of both t h e  central heteroatom and the peripheral metal atoms, can be seen from 
the resul ts  o f  a variety  of experiments. Hayashi and Moffat (2) have sham that 
12-tungstophosphoric a c i d  catalgzes the  gas phase conversion of methanol t o  
hydrocarbons at 350 O C ,  for  example, while with l2molybdophosphoric acid 
I H ~ P M O ~ ~ O ~ Q ) ,  oxidation predominates. Pretreatment of  the former catalyst  w i t h  
a i r  at 400 C reduces the  conversion t o  hydrocarbons, while t h e  use o f  helium o r  
hydrogen i n  t h e  calcination i s  beneficial  t o  t he  conversion process. 

The dehydration o f  propanol i s  catalyzed bg a variety  o f  heteropoly acids 
as 3pw12040 R4SiW1 2O4 0 !jml OVZ04 0 3pM0 1 2O4 0 sPM0 1 OV2O4 0 1 $4 0 
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( 5 ) .  
H I + S ~ M O ~ ~ O L , ~  have been shown t o  be more act ive  and se l ec t i ve  than H3PW1204~ and 
H1,SiW120,, (6). 
bH H3?$012-@40, the conversion increases as the  value of 2 decreases, 
t h a t  IS as the  molybdenum content increases (6). 
that  i n  many of t he  reactions catalyzed bp heteropolv compounds, t he  e x k t e n c e  
o f  the Keggin structure of t he  anion appears t o  be a necessaq although not a 
s u f f i c i e n t  condition f o r  t he  e f f i c a q  of t he  heteropoly compounds as 
heterogeneous catalysts ( 7 1 .  

particular importance t o  the a c t i v i t y  o f  the  heteropoly compounds, t h e  nature of 
t h e  cations cannot be disregarded. 
a c t i v i t y  and se l ec t i v i t y  of a number o f  s a l t s  of 12-tungstophosphoric acid i n  
t h e  conversion of methanol t o  hgdrocarbons. Of t h e  metal s a l t s  employed, Na, 
Z r ,  Zn, E ,  Mg, and A X ,  t he  f i r s t  and the  l a s t  produced the  lowest and highest  
y i e lds ,  respectively,  of hydrocarbons. The y i e l d  o f  hydrocarbons was shown t o  
increase with decreasing magnitude of charge on t h e  peripheral owgen atoms o f  
t h e  anion. The ammonium s a l t  of lZ-tungstophosphoric acid was found bt/ Hagashi 
and Moffat ( 4 )  t o  produce s ign i f i can t l y  higher yields  of para f f in i c  
hydrocarbons, as contrasted with the  largely o l e f i n i c  products from both t h e  
parent acid and i t s  metal s a l t s .  

I n  the o d d a t i o n  of methacrolein heterOpolL{ acids HgMo120r0 and 

In the  oxidation of acrolein, methacrolein, and i s o b u t u n c  acid 

Finally it should be noted 
\ 

AZthough the anion s tructure and conposition are qu i t e  ez6dently of 

Hayashi and Moffat ( 3 )  have compared t h e  

‘h 

, 

I n  the  present paper t h e  re su l t s  from temperature programmed desorption 
ITPD),  photoacoustic spectroscopy i n  t h e  infrared region ( P A S ) ,  and 
semi-empirical (extended Hcckel) calculations are presented t o  demonstFate t h e  
relationship between the  cation, t h e  anion and catalgt ic  properties of t he  
het eropo l y  compounds. 

UETEODS 

To conserve space only the  br i e f e s t  description o f  procedures wi l l  be 
)resented. 
!escribed elseohere (8,91. 

m a s s  spectrometer, the l a t t e r  attached t o  the  sgstem v ia  a variable leak valve,  
were used as detectors. 

beamsplitter. 
accessoq  the manufacturer, was used with minor modifications (10). 

The TPD ezperirnents were carried out on a standard apparatus, 
Both a thermal conductivitg detector and a C.E.C. 

PAS-FTIR spectra from 4000;$;5/JO c - l  were recorded at 
5 ern-’ resolution on a Bomem DA3.02 Fourier Tramform#!g?o FsrB ar source and KBr 

The photoacoustic detector module, supplied as a standard 

%lESlJLX5 Am DISCUSSION 

The TPD o f  12-tungstophosphoric acid exhibi ts  t w o  peaks ( F i g .  3 ) ,  one 
centred at 473°K (Peak I )  with an unresolved shoulder on t h e  high temperature 
s i d e ,  t he  other a very broad aspnetrYica1 peak centred around 773°K (Peak 2), 
both due entirely t o  water as shown from mass spectrometry. 
peaks 1 and 2 corresponded t o  1.3-1.4 and 6.5 water molecules per Keggin Unit 
(KU), respectively. 
had no e f f e c t  on peak 2. I t  
should be noted that copious quant i t ies  of water were evolved from t h e  
unpretreated H P W  at room temperature when a stream of h e l i m  was passed through 
t h e  sample, Water desorbed during outgassing at 463 o r  5 9 3 7  could be replaced 
bp contacting the acid with water vapour at  298”K, but a f t e r  outgassing a t  723°K 
it was not possible t o  restore the  original TPD behaviour. 

The magnitudes of 

Outgassing at  463 o r  593°K essent ial lp  rmoved peak 1 but 
No peaks were observed a f t e r  outgassing at 723°K. 

The heteropoly acids, ll-molgbdophosphoric acid and l l - tungstosi l i&c acid, 
as with H R J ,  displayed two peaks (1 and 2) both due t o  water (not shown). 
addition a v e q  sharp peak (peak 3 )  was evident on the  high temperature s i d e  of 

In  
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peak 2. 
H P W ,  those f o r  HPMo were found at approximately 373, 6 7 3 ,  and 723'K, f o r  peaks 
I, 2 ,  and 3, respectivelH. 
t h e  anion i n  determining the T P D  behaviour i s  evident. 

h?h<h-:2e the posit ions of the  peaks f o r  HSiW were siwilar t o  those With . 
The importance o f  the peripheral metal l ic  element of 

The posi t ion of peak 1 f o r  each of t h e  acids reported here is consistent 
wi th  the  tupe of multiple hydrogen bonding interactions between the  a c i d  and 
molecular water, as found Brown e t  a1 (1). Since the  posi t ion of peak 1 
depended strongly on the  peripheral element o f  t he  anion, it appears that such 
interact ions occur ex tern all^ t o  the  Keggin hit, consequentlu largelu shielded 
from influence by t h e  central atom of t h e  anion. I t  appears the  peat 2 must be 
associated with a deprotonation of t h e  ca ta lus t ,  t h e  protons combining with 
anionic oqgen  t o  emerge as molecular water. X-ray di f fract ion analusis of H P K ,  
which had been pretreated at 7 2 3 1  suggested that  decomposition o f  t h e  structure 
had not occurred, in s p i t e  of t he  loss o f  anionic oqgen. 

The PAS s p e c t m  o f  RPW a f t e r  pwnping a t  room temperature displaus a 
featureless  background absorption which eztends across the  range from 
approximately 2000 t o  4000 cm-' ( F i g .  411 The broad band a t  3200 cm-' and the 
more intense and narrm band at  1710 cm- mau be attributed t o  molecular water 
and protonated water. 
Keggin U n i t .  
t h e  band at 1710 cm-' decreases and s h i  t s  t o  1640 cm-', t he  bending vibration 
of l a t t i c e  water, The band at 1080 cm-E is assigned t o  the  t r ip lp i egenera te  
a s p m e t r i c  tretching vibration of t he  central phosphate tetrahedron, while that 
a t  q 8 o  om-' m q  be at tr ibuted t o  a s tretching vibration of t he  bonds between 
tungsten and the  outer oqgen  atoms. Although at 450'C bands associated with 
t h e  anion s tructure have diminished somewhat i n  in t ens i tg  it is apparent t ha t  
t h e  s tructure remains essential  1~ intact .  

The bands below 1200  cm-' are characterist ic of t he  
A f t e r  heating with evacuation at  various temperatures up t o  450"C, 

The twelve octahedra surrounding t h e  central tetrahedr n i n  t he  Keggin unit  
can be divided i n t o  fou r  compact t r i t ungs ta t e  groups, w303- , resul t ing from the 
edge sharing of three WO6 octahedra ( I l l  ( F i g .  5bl. The three octahedra i n  each 
such group have one cornon o q g e n  atom, which i s  also part of t h e  inner tetra- 
hedron i n  t h e  heteropoly anion, and th ree  other oqgen  atoms are each shared & 
two octahedra t o  form t h e  edge-shared un i t .  I n  W3OI3-' there are three terminal 
and three bridging o q g e n  atoms on t h e  outer surface of the u n i t ,  when viewed as 
a fragment of t h e  heteropoly anion. 
attached t o  produce t h e  XM?o 16- species ( F i g .  Sal,  where X r e f e r s  t o  the  
central atom and M t h e  penpheral metal atom. 
simulate the  heteropzy anion i n  semi-empirical extended Hi'ckel calculations 
provided a convenient means o f  evaluatinp t h e  e f f e c t  of charges i n  both t h e  
central and t h e  peripheral atom. 

Keggin s tructure may be observed from calculations on P W ~ O ~ ~ - ~ ( P W I ,  siw3Ol6- 
(SiW) and pM03016-9 (PMol ( F i g .  6). 
of t he  former two species are similar,  while those on t he  fragment containing 
molybdenum are considerably more negative. 
energies f o r  t he  M-0 (outer)  bond on &I and SiW are approximately t h e  same, that 
on PMo i s  considerably smaller. 
l i t t l e  e f f e c t  on e i ther  the atomic charges of t h e  outer oqlgen atoms or the  
parti t ioned energies of t he  bonds formed & these atoms with the  peripheral 
metal atoms. 
central atom f i x e d ,  produces substantial  changes in t he  two properties. 

data are consistent wi th  the conclusion t f a t  Rronsted acidi tg  increases as the 

The centra2 tetrahedron may then be 

The use of t h i s  fragment t o  

!l%e e f f e c t  of changes i n  the  centra; atom and the  peripheral atoms of 

The net atomic charges on t he  outer atoms 

I n  addition, t he  parti t ioned 

EvidentZp, a change i n  the  central atom has 

I n  contrast ,  subst i tut ion o f  t h e  peripheral atoms, with the 

The resu l t s  of t hese  calculations t o  e ther  wi th  the  available experimental 
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magnitude of the  nepative charges on t he  outer oqqen  a tom of  the  heteropolv 
fragment decreclses, while the  a c t i v i t v  i n  oridation reactions can be corpelated 
with the  energy associated with t h e  bond betueen the  outer ozygen atom and t h e  
peripheral metal atom. 

I t  appears reasonable as a f i r s t  approximation t o  assume that  t h e  protons 
in t he  heteropoly conpounds are interacting primarilv with t h e  outer o q g e n  
a t o m  of t h e  anion structure. 
t h e  mobili ty of t he  protons, should then be inversely proportional t o  t h e  
magnitude of t he  negative charge on these  oqgen  atoms. In t he  oxidation 
processes involving heteropoly compounds, it may be reasonably assumed, again as 
a f i r s t  approximation, that t h e  a c t i v i t y  of these catalysts  i s  related t o  the  
case with which the  most immediately available oqgen  atom can be removed from 
t he  anion. The partitioned energy of t h e  bond associated wi th  the  peripheral 
metal atoms and the  outer o q g e n  a tom of t he  anion would therefore appear t o  
fill t h i s  role .  

The acid s trength,  being d i rec t l y  dependent on 
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Figure 1 Anion o f  SiMo 20, o-4 

Arrangement of cations, ~ 7 d e r ,  and anions i n  
12 - tungs tophospho~c  acid. 
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\ 

Figure 3 Tenperdure Progrmned Desorption spectra of 12-tunpstophospho~ic 
ac id  a f t e r  pretreatment temperatures of la )  2P8.K. (b t  463'K, 
(c l  5 9 3 1 ,  ( d )  723'K ( 9 ) .  
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Fimre 5 (a )  
( b l  

Fragment XM3016-" o f  heteropolw anion. 
Retempolv anion showing position of f r m e n t .  
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ALCOHOL SYNTHESIS OVER Fe/Cu/ZnO CATALYSTS 

J .  A. S i b i l i a ,  3 .  M. Dominguez, R. G. Herman, and K .  Klier 

Center  f o r  S u r f a c e  and Coat ings  Research  
and Department of  Chemis t ry  

Lehigh U n i v e r s i t y  
Bethlehem, PA 18015 

INTRODUCTION 
\ 

In t h e  a t t empt  t o  produce h i g h e r  molecular  weight  oxygenated compounds from 
s y n t h e s i s  g a s  (Hp + CO) f o r  u t i l i z a t i o n  as f u e l s  and i n t e r m e d i a t e  chemica ls ,  an  ap- 
proach t o  c a t a l y t i c a l l y  forming  h i g h e r  a l c o h o l s  i s  t o  combine a n  a lkyl - forming  a g e n t  
w i th  a methanol s y n t h e s i s  c a t a l y s t .  
a r e  ve ry  s e l e c t i v e  f o r  t h e  s y n t h e s i s  of methanol  (1-3). On t h e  o t h e r  hand, coba l t -  
and iron-based c a t a l y s t s  promote t h e  F ischer -Tropsch  s y n t h e s i s  (4 ,5)  of hydrocarbons .  
The Fischer-Tropsch p rocess  c o n v e r t s  s y n t h e s i s  g a s  t o  a mix tu re  of predominant ly  
l i n e a r  a l k a n e s  and a l k e n e s  r a t h e r  non- se l ec t ive ly  b u t  i n  such  a manner t h a t  t h e  
product  d i s t r i b u t i o n  wi th  r e s p e c t  t o  carbon cha in  l e n g t h  d i s p l a y s  a r ecogn izab le  
p a t t e r n  (6-8), commonly r e f e r r e d  t o  as t h e  Schulz-Flory d i s t r i b u t i o n  (9 , lO) .  T h i s  
d i s t r i b u t i o n  a r i s e s  from t h e  s t e p w i s e  c a t a l y t i c  po lymer i za t ion  and hydrogena t ion  of  
CO by p rocesses  whose r e a c t i o n  mechanisms have n o t  been f u l l y  e s t a b l i s h e d  (11-13).  

U t i l i z i n g  mixed c o p p e r l c o b a l t  c a t a l y s t s  h a s  l e d  t o  enhanced s e l e c t i v i t i e s  f o r  

It i s  well-known t h a t  copper-based c a t a l y s t s  

t h e  s y n t h e s i s  of h ighe r  a l c o h o l s  (14-19). However, t h e  q u a n t i t y  of hydrocarbons  
formed were g r e a t e r  than  t h e  q u a n t i t y  of h i g h e r  a l c o h o l s  formed (18 ,19) ,  methane w a s  
t h e  dominant product  (15 ,16) ,  o r  methanol w a s  t h e  most s e l e c t i v e l y  formed p roduc t  
(14 ,17 ,18) .  It appea r s  t h a t  t h e  coppe r / coba l t  c a t a l y s t s  t h a t  c o n t a i n  s m a l l  amounts 
of c o b a l t  (<8 wt%) are p r i n c i p a l l y  methanol s y n t h e s i s  c a t a l y s t s  i n  which t h e  c o b a l t  
has  suppressed  t h e  c a t a l y t i c  a c t i v i t y  wh i l e  s h i f t i n g  t h e  s e l e c t i v i t y  toward h i g h e r  
molecular  weight  p roduc t s  (19) .  
i n d i c a t e s  t h a t  they  a r e  formed by a Fischer-Tropsch mechanism. 

The d i s t r i b u t i o n  of p roduc t s ,  which a r e  l i n e a r ,  

Iron-based Fischer -Tropsch  c a t a l y s t s  a r e  u s u a l l y  promoted w i t h  copper ,  e .g .  20% 
Cu r e l a t i v e  t o  Fe (20-23),  where t h e  copper  i n c r e a s e s  t h e  a c t i v i t y  o f  t h e  c a t a l y s t s  
v i a  i t s  redox p r o p e r t i e s  d u r i n g  t h e  p r e p a r a t i o n  of t h e  c a t a l y s t s  (20,22). 
a t e s  are o f t e n  observed as p roduc t s  over  t h e s e  c a t a l y s t s ,  b u t  t h e  y i e l d s  o f  t h e s e  
p roduc t s  a r e  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  r e a c t a n t  stream space  v e l o c i t y ,  e.g.  more 
oxygenates  a r e  formed a t  lower g a s  hour ly  space  v e l o c i t i e s  (GHSV) (21 ) .  The l i n e a r  
p roduc t s  t h a t  are syn thes i zed  o v e r  t h e s e  c a t a l y s t  f o l l o w  t h e  Schulz-Flory d i s t r i b u -  
t i o n .  

Oxygen- 

The  p r e s e n t  work has  u t i l i z e d  a we l l - cha rac t e r i zed  Cu/ZnO = 30170 mol% methanol 
s y n t h e s i s  c a t a l y s t  ( 2 , 2 4 - 2 7 )  i n t o  which small amounts of i r o n  have been in t roduced .  
It i s  shown t h a t  t h e  i n c o r p o r a t i o n  of  t h e  l a t te r  a lkyl - forming  agen t  caused  t h e  
p roduc t ion  of  h i g h e r  molecular  weight  compounds, bo th  p a r a f f i n s  and o l e f i n s ,  as w e l l  
a s  a l coho l s .  

EXPERIMENTAL 

The Fe/Cu/ZnO c a t a l y s t s  were c o p r e c i p i t a t e d  from hea ted  n i t r a t e  s o l u t i o n  by 
sodium ca rbona te ,  c a l c i n e d ,  p e l l e t i z e d ,  and reduced w i t h  H z / N 2  = 2/98 vo l% a t  250'C 
accord ing  t o  a procedure  p r e v i o u s l y  desc r ibed  i n  d e t a i l  f o r  t h e  b i n a r y  Cu/ZnO cata- 
l y s t s  (2,25). A schemat ic  of t h e  c a t a l y t i c  r e a c t o r  sys tem has  been p resen ted  ( 2 ) .  
bu t  a high p r e s s u r e  u n i t  f o r  pumping l i q u i d s  i n t o  t h e  s y n t h e s i s  gas  s t ream a t  a 
r e a c t o r  p r e s s u r e  of 75 a t m  has  been added a t  t h e  t o p  of t h e  r e a c t o r  p r e h e a t e r  sec-  
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t i o n  (28) .  The e x i t  g a s  was reduced t o  ambient p r e s s u r e  and was sampled approximate- 
eve ry  h r  u s i n g  a hea ted  au tomat i c  sampling v a l v e  and ana lyzed  us ing  a n  on - l ine  
Hewlett-Packard 5730A g a s  chromatograph coupled  wi th  a H-P Model 3388A I n t e g r a t o r /  
C o n t r o l l e r .  
u id  i n j e c t i o n  i n t o  t h e  H-P GC and a Finnigan  4021 GC/MS/Nova system. The a n a l y s e s  
r e s u l t e d  i n  less t h a n  2 %  e r r o r  i n  t h e  carbon atom ba lance .  

Condensables  ( a t  0°C) w e r e  c o l l e c t e d  and f u r t h e r  ana lyzed  by d i r e c t  l i q -  

The c a t a l y s t s  were  c h a r a c t e r i z e d  by BET s u r f a c e  a r e a  d e t e r m i n a t i o n  us ing  a rgon 
a n d  by e l e c t r o n  microscopy u s i n g  a P h i l i p s  400T e l e c t r o n  microscope  f i t t e d  w i t h  a 
STEM u n i t  and a n  X-ray ene rgy  d i s p e r s i v e  spec t romete r .  

RESULTS 

The i n f l u e n c e  o f  i r o n  c o n c e n t r a t i o n  on t h e  c a t a l y t i c  a c t i v i t y  of  t h e  Fe/Cu/ZnO 
c a t a l y s t s  was de te rmined  f o r  t h e  u s u a l  t e s t i n g  c o n d i t i o n s  employed f o r  methanol syn- 
t h e s i s  c a t a l y s t s .  The  r e s u l t s  a r e  g iven  i n  T a b l e  1, and i t  is ev iden t  t h a t  t he  ac- 
t i v i t i e s  of  t h e  c a t a l y s t s  d e c r e a s e  w i t h  i n c r e a s i n g  i r o n  con ten t .  These  convers ions  
can be compared w i t h  t h e  55 2 5% carbon conve r s ion  observed  w i t h  t h e  undoped Cu/ZnO = 
30/70  methanol  c a t a l y s t  (26).  The c a t a l y s t  c o n t a i n i n g  t h e  lowes t  i r o n  con ten t  pro- 
duced predominant ly  me thano l ,  w h i l e  t h e  c a t a l y s t  c o n t a i n i n g  9 .0  mol% i r o n  produced an  
a p p r e c i a b l e  q u a n t i t y  of  waxes. The re fo re ,  t h e  Fe/Cu/ZnO = 1.2 /31 .8 /67 .0  c a t a l y s t  was 
chosen f o r  f u r t h e r  s t u d y .  

In examining t h e  e f f e c t  of C02 c o n c e n t r a t i o n  i n  t h e  s y n t h e s i s  g a s  on  t h e  a c t i v -  
i t y  a n d  s e l e c t i v i t y  o f  t h e  c a t a l y s t ,  i t  was observed t h a t  t h e  maximum conver s ion  t o  
p roduc t s  (12.0 mol%) and t h e  g r e a t e s t  s e l e c t i v i t y  t o  C2-C7 hydrocarbons  (60.7 C atom 
X )  occur red  w i t h  a Hz/CO/CO2 = 70/28/2  vol% s y n t h e s i s  gas .  However, t h e  h i g h e s t  se- 
l e c t i v i t i e s  toward methanol  and methane were produced by t h e  H2/CO/CO2 = 70/24/6 v o l %  
s y n t h e s i s  g a s  ( s e e  T a b l e  1). On t h e  o t h e r  hand, t he  h i g h e s t  s e l e c t i v i t y  toward t h e  
C p C 5  a l c o h o l s  (17.1%) w a s  ach ieved  w i t h  Cop-free H z / C O  = 70/30  s y n t h e s i s  g a s  t o  
y i e l d  a Cz-C5/C1 a l c o h o l  molar  r a t i o  of  0.61. 

Using t h e  b i n a r y  H2/CO s y n t h e s i s  gas ,  t h e  e f f e c t  o f  t h e  p a r t i a l  p r e s s u r e  of t he  
r e a c t a n t s  on t h e  h i g h e r  a l c o h o l  s y n t h e s i s  was i n v e s t i g a t e d .  The r e s u l t s  a r e  pre-  
s en ted  i n  Tab le  2 ,  a n d  i t  i s  ev iden t  t h a t  as t h e  H 2 / C O  r a t i o  dec reased ,  the  % carbon 
convers ion  t o  p r o d u c t s  a l s o  decreased .  However, the  wa te r  g a s  s h i f t  r e a c t i o n  became 
more e f f i c i e n t  a t  t h e  same time s o  t h a t  t h e  s e l e c t i v i t y  of CO conve r s ion  t o  CO2 in- 
c reased  a s  t h e  H2/CO r a t i o  dec reased .  A s  t h e  l a t t e r  r a t i o  dec reased ,  t h e  s e l e c t i v -  
i t y  toward t h e  h i g h e r  a l c o h o l s  r e l a t i v e  t o  methanol i n c r e a s e d .  Analyses  of t h e  con- 
densab le  l i q u i d s  c o l l e c t e d  from t h e  r e a c t i o n s  w i t h  t h e  low H 2 / C O  r a t i o  s y n t h e s i s  
g a s e s  showed t h a t  traces of 2-methyl-1-propanol and 2-methyl-1-butanol were p re sen t .  
It was e s t i m a t e d  t h a t  t h e s e  trace compounds were each  less t h a n  5 w t %  of  t h e  t o t a l  
C4 and C5 a l c o h o l  p r o d u c t .  

In  s t u d y i n g  t h e  e f f e c t s  of t h e  s y n t h e s i s  g a s  f eed  r a t e  on a l c o h o l  s y n t h e s i s ,  
t he  i n l e t  GHSV w a s  v a r i e d  i n  f o u r  s t e p s  from 2500 t o  6250 hr-1 ( c o n t a c t  t i m e  = 1.44 
t o  0.58 s e c ,  r e s p e c t i v e l y )  w i t h  t h e  H2/CO = 50 /50  g a s  mix tu re .  A s  t h e  c o n t a c t  time 
inc reased ,  t h e  carbon conve r s ion  t o  a l c o h o l s  and hydrocarbons  i n c r e a s e d  i n  a d i r e c t -  
l y  p r o p o r t i o n a l  manner. 
mained r e l a t i v e l y  c o n s t a n t  a t  2 .1  f 0 .1 ,  w h i l e  t h e  a l coho l /hydroca rbon  molar r a t i o  
decreased  w i t h  i n c r e a s i n g  c o n t a c t  time. Thus, l o n g e r  c o n t a c t  times favored  hydro- 
carbon s y n t h e s i s ,  w h i l e  s h o r t e r  c o n t a c t  times s h i f t e d  t h e  s e l e c t i v i t y  towards  t h e  
a l c o h o l s .  

The carbon atom r a t i o  o f  h i g h e r  a l c o h o l s  t o  methanol re- 

T h i s  i n d i c a t e s  t h a t  bo th  a l c o h o l s  and hydrocarbons  are pr imary  p roduc t s .  

T h i s  was f u r t h e r  suppor ted  by i n j e c t i n g  l i q u i d  i sopropylamine  i n t o  the  i n l e t  
s y n t h e s i s  g a s  s t r eam under  t h e  expe r imen ta l  c o n d i t i o n s  g iven  i n  Tab le  3. 
q u a n t i t y  of  i sop ropy lamine  pumped i n t o  the  sys tem had l i t t l e  e f f e c t  on  the  carbon 
convers ion .  However, t h e  p roduc t ion  of  a l c o h o l s  was comple te ly  suppres sed ,  wh i l e  
t h e  s y n t h e s i s  of  hydrocarbons  w a s  on ly  p a r t i a l l y  i n h i b i t e d ,  p a r t i c u l a r l y  t h e  forma- 
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TABLE 1 

Conversion of H2/CO/C02 = 7012416 v o l %  S y n t h e s i s  Gas t o  P roduc t s  a t  250"C, 75 atm, 
and GHSV = 5000 hr-1 ove r  PelCuIZnO C a t a l y s t s  

FeICulZn (mol%) 0.3132.1167.6 1.2131.8167.0 9.0/31.4/59.6 ' C a t a l y s t  Charge (8) 2.4547 2.4556 2.6971 
\ 

T o t a l  Conversion 
CO + C02 (mol%) 23.1 10 .6  8.3 

(mollkg c a t / h r )  17.0 8 .0  6.3 

S e l e c t i v i t y  (C atom%) 
Methanol 
Ethanol  
1-Propanol 
2-Propanol 
1-Butanol 
1-Pentanol 
Methane 
Ethane 
E thy lene  
Propane 
Propylene  
C4-C7 Hydrocarbons 
C5+ Alcohols  and 

c8+ Hydrocarbons 

95.2 
0.4 
0.0 
0.0 
0.0 
0.0 
1 .4  
0.7 
0.0 
0 .1  
0.0 
2 . 2  

0.0 

16.0  
4 .2  
2.4 
0.2 
1 .4  
0.7 

24.3 
9 .0  
1 . 0  

12 .4  
1 . 0  

23.3 

4 .1  

5 .1  
7.8 
2.8 
0.2 
2.2 
1 .2  

17.9 
10.2 

1 .0  
7.3 
7.6 

24.5 

11.2 

Group Mole R a t i o s  
C2-C5 Alcohols/Methanol 0.002 0.22 1 . 1 2  
C1-C5 Alcohols/Ci-C7 

C2-C3 Olefins/C2-C3 
Hydrocarbons 38.9 0 .51  0.31 

P a r a f f i n s  0.0 0 .10  0.47 

Y i e l d s  (g lkg  c a t / h r )  
I Methanol 518 41 .0  10.3 

C2-Cg Alcohols  1 .6  15 .6  18 .3  

t i o n  of  methane and e thane .  
toward longe r  cha in  molecu le s  and ,  as i n d i c a t e d  i n  Tab le  3 ,  from p a r a f f i n s  t o  o l e -  
f i n s .  It i s  ev iden t  from t h e  d a t a  f o r  t h e  amines  t h a t  t h e  i n j e c t e d  i sop ropy lamine  
p r i n c i p a l l y  t r apped  methyl  and e t h y l  groups .  

Thus, t h e  hydrocarbon d i s t r i b u t i o n  was s h i f t e d  s l i g h t l y  

1 A reduced FeICulZnO = 1.2131.8167.0 c a t a l y s t  was examined by e l e c t r o n  microsco- 
py a f t e r  be ing  u l t r a s o n i c a l l y  d i s p e r s e d  from an  e t h a n o l  suspens ion  on to  a carbon- 
coa ted  t i t an ium g r i d .  M e t a l l i c  copper  c r y s t a l l i t e s ,  p redominant ly  w i t h  a d i ame te r  
of about  5.0 nm, were suppor ted  on t h e  ZnO m a t r i x .  E l e c t r o n  d i f f r a c t i o n  showed t h a t  
Cu ( i l l )  p l anes .  Using a 5 nm e l e c t r o n  probe ,  energy  d i s p e r s i v e  X-ray a n a l y s i s  of  
t h e  ZnO phase i n d i c a t e d  t h a t  i t  con ta ined  abou t  15% Cu and 0.8% Fe. A few b ime ta l -  
l i c  Fe-Cu p a r t i c l e s  were observed  t h a t  con ta ined  more i r o n  than  copper .  However, i n  
g e n e r a l  t h e  i r o n  w a s  homogeneously d i s p e r s e d  over  t h e  c a t a l y s t .  

Ana lys i s  of a t e s t e d  c a t a l y s t  by Auger spec t roscopy  i n d i c a t e d  t h a t  t h e  a tomic  
composi t ion  of t h e  s u r f a c e  w a s  Cu/Zn/O/C = 15.0/9.9/6.2/68.¶ %. No Fe was d e t e c t e d  
by Auger o r  X-ray pho toe lec t ron  spec t roscopy .  Thus, i t  appea r s  t h a t  carbon covered  
t h e  i r o n  and most of t h e  ZnO s u r f a c e ,  b u t  much of  t h e  copper  phase  w a s  l e f t  exposed. 
The BET s u r f a c e  a r e a  Of t h e  used c a t a l y s t ,  a s  removed from t h e  r e a c t o r  under  a 

26 3 



TABLE 2 

Reac tan t  Concen t r a t ion  E f f e c t s  on Alcohol  S y n t h e s i s  over  t h e  1.2% I r o n  
C a t a l v s t  a t  25OOC. 75 a t m .  5000 h r - l  and  H2/CO/CO2 = 30/70/0  t o  70/30/0.  
C a t a l y s t  Charge = 2.4524g. 

H2/m/m2 (M1%) 3 0/7 0/0 

Conversion 

co ( r n l % )  1.5 
(ml/kg ca th -1  2.7 

Y i e l d s  (g/kg cat/hr) 
*than01 4 . 1  
Ethanol 3.2 
1-pmpanol  1.8 
2 - p m p o l  0.2 
1-Butanol 0.9 
1-Pentanol  0.4 

S e l e c t i v i t y  (c atan%) 

Carton Dioxide 41.5 
Methanol 4.8 
C2-C5 Alc~hols 11.4 
C1-C7 Itydrocarbns 42.3 

40/60/0 50/50/0 

2.8 4.3 
4.1 5.4 

9.2 15 .1  
6.5 9.4 
3 .9  5.4 
0.4 0.5 
2.0 2.9 
1 . 0  1.5 

30.5 23.9 
6.9 8.7 

15.9 17.4 
46.7 50.0 

60/40/0 

6.5 
6.5 

18.2 
10.6 

5.6 
0.4 
2.9 
1.5 

19.6 
8.8 

15.4 
56.2 

70/30/0 

8.2 
6 . 1  

17.7 
9.0 
4.9 
0.4 
2.7 
1.3 

16.8 
8.9 

14.2 
60.1 

n i t r o g e n  a tmosphere ,  was 0.4 m2/g, and t h i s  c o n t r a s t s  w i t h  t h e  s u r f a c e  a r e a  of 
37-40 m2/g f o r  t e s t e d  b i n a r y  Cu/ZnO = 3 0 / 7 0  c a t a l y s t s  (25 ,26) .  
t e s t e d  t e r n a r y  c a t a l y s t  w i th  cyc lohexane ,  t h e  s u r f a c e  a r e a  was found t o  be 1 5  m2/g. 

A f t e r  washing t h e  

DISCUSSION 

The composi t ion  o f  t h e  s y n t h e s i s  g a s  mix tu re  h a s  a pronounced e f f e c t  on  t h e  
s e l e c t i v i t y  observed  o v e r  t h e  Fe/Cu/ZnO c a t a l y s t .  
t h e s i s  g a s  t e n d s  t o  f a v o r  t h e  fo rma t ion  of low molecular  weight  p roduc t s ,  i . e .  
methanol and methane. When C02 i s  removed from t h e  r e a c t a n t  stream, carbon cha in  
growth i s  promoted, a p p a r e n t l y  due t o  exposure  of  sites a c t i v e  i n  t h e  t r a n s f e r  of 
a l k y l  groups .  
ox ide ,  a l c o h o l s ,  and hydrocarbons  i n c r e a s e d  as t h e  H2/CO r a t i o  w a s  i n c r e a s e d  from 
0.43 to  2.33. 
which t h e  r a t e  of  s y n t h e s i s  i nc reased  as t h e  hydrogen c o n t e n t  of t h e  f eed  inc reased  
( 6 ) .  

The p resence  of CO2 i n  t h e  syn- 

I n  t h e  absence  of  C 0 2 ,  t h e  pe rcen tage  of  CO conver ted  t o  carbon d i -  

S i m i l a r  behav io r  h a s  been  observed  w i t h  o t h e r  i r o n  c a t a l y s t s ,  f o r  

The carbon cha in  growth r e a c t i o n s  t h a t  occu r red  ove r  t h e s e  i ron -con ta in ing  Cat- 
a l y s t s  c a n  be t r e a t e d  a s  a po lymer i za t ion  p rocess  i n  which t h e  molecu la r  weight  
d i s t r i b u t i o n  o f  p roduc t s  is de termined  by t h e  cha in  p ropaga t ion  and cha in  t r a n s f e r  
s t e p s .  
fo l lowing  equat ion:  

The Schulz-Flory  molecular  weight d i s t r i b u t i o n  can  be de r ived  t o  g i v e  t h e  

N, = No(1-a)2ax-1, 1 )  

where Nx i s  t h e  t o t a l  number of molecules  c o n t a i n i n g  x carbon atoms, No i s  t h e  t o t a l  
number of monomer u n i t s  (-CH2-) i n  t h e  system, and a i s  t h e  p r o b a b i l i t y  of cha in  
growth (28). Equa t i ion  1 can b e  expres sed  i n  l o g a r i t h m i c  form as 
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\ TABLE 3 

E f f e c t s  of I sopropylamine  on Product  D i s t r i b u t i o n s  over  a 1 .2% Fe 
Con'taining Cu/ZnO C a t a l y s t  a t  235OC, 75 atm, 5000 h r - l ,  and H2/CO/C02 = 
70/30/0 ~ 0 1 % .  C a t a l y s t  Charge = 2.414 g .  (R = i s o p r o p y l ) .  

Isopropylamine i n  Feed ( u l l m i n )  

H2ICOIRNHp (molar r a t i o )  

CO Conversion (mol%) 
(mol/kg/hr)  

Products  (xlO+4 mol /hr )  
c1-C~ Alcohols  
C1-C7 Hydrocarbons 
Amines: 

R-NH-CH3 
R-N-(CH3) 2 
R-NH-C2H5 
R-N-(CH~,CZH~) 
R-N-(C2H5)2 
R-NH-(n-C3H7) 

C e r t a i n  Molar R a t i o s  
Alcohols /Hydrocarbons 
O l e f i n s / P a r a f f i n s  

l o g  ( N ~ / N ~ )  = l o g  [ ( 1 - a ) 2 / a ]  + xloga .  

0 

2.33/1.00/0 

4.45 
3.4 

7.03 
38.43 

0 
0 
0 
0 
0 
0 

0.2 
0.1 

20 

2.33/1 .OO/O.  08 

4.38 
3.3 

0 
23.01 

1 . 0 1  
1.34 
0.70 
7 .71  
0.35 
0.38 

0 
1.4 

I f  t h e  g r a p h i c a l  r e p r e s e n t a t i o n  of l o g  (Nx/No) v s  x g i v e s  a s t r a i g h t  l i n e ,  and t h e  
v a l u e s  of a determined from t h e  i n t e r c e p t  and t h e  s l o p e  a r e  i n  good agreement ,  then  
t h e  molecular  weight  d i s t r i b u t i o n  f o l l o w s  t h e  Schulz-Flory law. 

F igure  1 demonst ra tes  t h a t  bo th  t h e  a l c o h o l s  and t h e  hydrocarbons produced over  
The p r o p a g a t i o n  c o n s t a n t  (a) i s  t h e  Fe/Cu/ZnO c a t a l y s t  f o l l o w  t h e  Schulz-Flory law. 

0.32 f o r  t h e  a l c o h o l s ,  w h i l e  i t  is  e q u a l  t o  0.55 f o r  t h e  hydrocarbons.  T h i s  d i s -  
t i n c t  d i f f e r e n c e  i n  a v a l u e s  a g a i n  s u g g e s t s  t h a t  t h e  a l c o h o l s  and t h e  hydrocarbons  
a r e  formed by d i f f e r e n t  pathways over  t h i s  c a t a l y s t .  
lower  tempera ture  o f  235'C, t h e  d i s t r i b u t i o n s  f o r  a l c o h o l s  and hydrocarbons  y i e l d  a 
v a l u e s  of 0 .47 and 0.53, r e s p e c t i v e l y .  
t o r  feed  g a s  (Table  3 ) ,  t h e  product ion  of a l c o h o l s  was s topped ,  w h i l e  t h e  hydrocar-  
bon d i s t r i b u t i o n  w a s  s h i f t e d  toward l o n g e r  c h a i n  p r o d u c t s  t o  g i v e  a = 0.58. The 
d i s t r i b u t i o n  of a l k y l  groups  on t h e  product  amines (exc luding  t h e  i s o p r o p y l  group)  
y i e l d e d  a non- l inear  p l o t ,  showing t h a t  t h e  format ion  of  t h e s e  a l k y l  groups  do not  
f o l l o w  t h e  Schulz-Flory d i s t r i b u t i o n .  This  i n d i c a t e s  t h a t  t h e  amines p r i m a r i l y  at- 
t a c k  t h e  a l c o h o l  p r e c u r s o r .  I f  t h e  amines had r e a c t e d  w i t h  t h e  a l c o h o l s  a f t e r  they  
formed, t h e  Schulz-Flory d i s t r i b u t i o n  of t h e  a l k y l  groups  would have produced t h e  
same d i s t r i b u t i o n  as t h a t  of t h e  a l c o h o l s  w i t h  a =  0.47. 

I n  t h e  absence  of CO2 and a t  a 

Upon a d d i t i o n  of i sopropylamine  t o  t h e  reac-  

The y i e l d  of C2 s u b s t i t u t e d  amines l i e s  above t h e  expec ted  v a l u e  found f o r  t h e  
a l c o h o l  d i s t r i b u t i o n ,  w h i l e  t h e  q u a n t i t i e s  of C 1  and C3 a l k y l a t e d  amines f a l l  below 
t h e  expected v a l u e s .  
p r e v i o u s l y  (29), t o  form a C p  oxygenated s p e c i e s  t h a t  is r e a d i l y  a t t a c k e d  by t h e  
amine. The r e s u l t s  of t h e  p r e s e n t  amine t r a p p i n g  exper iments  a r e  i n  c o n t r a s t  to 
t h o s e  obta ined  w i t h  ammonia and s y n t h e s i s  g a s  over  o t h e r  i r o n  c a t a l y s t s  ( 3 0 ) .  
t h e  l a t t e r  work, e x c l u s i v e l y  pr imary amines were formed t h a t  obeyed t h e  Schulz-Flory 
d i s t r i b u t i o n  t o  g i v e  a =  0.69. It was proposed t h a t  ammonia a t t a c k e d  (-CHx) i n t e r -  

T h i s  could  b e  due t o  a methyl  t r a n s f e r  r e a c t i o n ,  a s  r e p o r t e d  

In 
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media t e s .  However, i n  t h e  p re sence  work, i t  i s  e v i d e n t  t h a t  t h e  amines r e a c t e d  wi th  
t h e  oxygenated i n t e r m e d i a t e s  and t h a t  t h e  hydrocarbon i n t e r m e d i a t e  w a s  l e f t  e s s e n t i a l l y  
und i s tu rbed .  

CONCLUSIONS 

While a comple t e  mechan i s t i c  r e a c t i o n  scheme has  n o t  been v e r i f i e d  f o r  t h i s  
c a t a l y s t  system, t h e  fo l lowing  conc lus ions  have been deduced from t h e  exper imenta l  
da t a :  

( a )  bo th  a l c o h o l s  and hydrocarbons  are pr imary  p roduc t s  formed ove r  t h e  Fe/ 
CulZnO c a t a l y s t s ,  

(b) t w o  po lymer i za t ion  p r o c e s s e s  a r e  i n d i c a t e d ,  one wi th  s h o r t  carbon cha in  
l e n g t h  €or a l c o h o l s  and one  w i t h  t h e  u s u a l  cha in  l e n g t h  € o r  hydrocarbons ,  

(c )  t h e  a l c o h o l s  a r e  formed by i n t e r a c t i o n  of  methanol p r e c u r s o r s  and  i ron -  
bound i n t e r m e d i a t e s ,  w i th  t h e  methanol p recu r so r  behaving  a s  a monomer i n  the  a l -  
cohol s y n t h e s i s ,  

(d) t h e  optimum c a t a l y s t s  f o r  t h e  s y n t h e s i s  of C2-C5 a l c o h o l s  c o n t a i n  m a l l  
amounts o f  i r o n  ( - I % ) ,  which is homogeneously d i s p e r s e d  throughout  t h e  c a t a l y s t ,  
and 

(e )  hydrocarbon growth appea r s  t o  occur  v e r y  a c t i v e l y  over  Fe-Cu i n t e r m e t a l l i c  
p a r t i c l e s .  
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THE SYNTHESIS OF HIGHER ALCOHOLS ON Cu/ZnO CATALYSTS 

PROMOTED WITH K 2 C 0 3  

by Kevin J. Smith" and Robert  B. Anderson 

Department o f  Chemical Engineer ing  and I n s t i t u t e  f o r  M a t e r i a l s  Research 

McMaster U n i v e r s i t y ,  Hamil t o n ,  O n t a r i o ,  Canada L8s 4L7 

Alka l i  ox ides  added t o  methanol c a t a l y s t s  i n c r e a s e  t h e  format ion  o f  

e t h a n o l ,  n-propanol and i s o b u t y l  a l c o h o l .  T h i s  r e s u l t  h a s  been known 

for many years ,  y e t  few q u a n t i t a t i v e  s t u d i e s  have been r e p o r t e d  i n  t h e  

l i t e r a t u r e .  Data o b t a i n e d  on a commercial copper-zinc o x i d e  c a t a l y s t  

promoted with K2C03 a r e  presented  and compared with publ i shed  work. 

C a t a l y s t  p a r t i c l e s  with a mean d iameter  o f  about  0.9 mm were used.  The 

c a t a l y s t  was i n i t i a l l y  reduced i n  2H2 + 1CO g a s  a t  300°C and a tmospher ic  

P r e s s u r e  f o r  12-15 hours .  Most o f  t h e  s y n t h e s i s  t e s t s  were made a t  

285OC and 13.2 MPa of  1H2 + 2CO gas .  The a l k a l i  c o n c e n t r a t i o n  v a r i e d  

from 0-10 w t  % K2C03;  t h e  optimum amount was about  0.5% by w e i g h t ,  a s  

shown i n  Table 1. The H2 t o  CO feed  r a t i o  was impor tan t  i n  d e t e r m i n i n g  

t h e  h igher  a l c o h o l  s e l e c t i v i t y .  The r a t e  o f  product ion  o f  i s o b u t y l  

a l c o h o l  var ied  a s  Pi:'7 pE02 w h i l e  for  methanol ,  e t h a n o l  and n-propanol 

bo th  exponents were p o s i t i v e  and l e s s  than  1.6. Decreas ing  t h e  hydrogen 

t o  carbon monoxide r a t i o  from 2 t o  0.5 more t h a n  doubled t h e  i s o b u t y l  

a l c o h o l  s e l e c t i v i t y .  

P r e s e n t  a d d r e s s :  Research Department ,  SASOL 1,  Sasolburg  9570, South 

Afr ica .  

RBA/1-27Q 
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TABLE 1: PROMOTER CONCENTRATION EFFECTS 

P r e s s u r e  = 13.2 MPa. Temperature = 285OC 

2 1 
W t . %  K2C03 0 0.5 1 .0  2.0 3.0 10.0 

I n l e t  space  v e l o c i t y  ( h - l )  4300 3300 3800 4300 4600 2900 
H 2 : C 0  i n  feed 0.44 0.47 0.52 0.49 0.48 0.44 

( 1 )  Alcohol  s e l e c t i v i t i e s  
methanol  65.8 48.6 61.4 75.7 
e t h a n o l  6.4 4.8 4.8 3.7 
2 -pro pan01 1.7 0.8 1.8 1.8 
1-propanol  5.3 6.7 9.2 8.1 
1 -butanol  2.1 4.0 2.5 1.3 
2-but ano 1 0.8 1.5 1.7 1.0 
2-methyl-1 -propanol  10.1 18.8 13.8 7.1 
pen tano l  s 8.0 14.8 4.8 1.2 

82.4 81.8 
2.6 1.6 
1.4 0 . 3  
7.0 5.2 
1.1 2.2 
1.3 0.9 
3.8 4.6 
0.5 3.4 

( H 2 + C O )  consumption 

50.5 58.5 68.5 41.5 54 .3  16.0 m m o l  .g12. 1 h-l 

mmol .m .h-' 1.19 1.61 1.76 1.18 1.66 0.89 

( 1 )  s e l e c t i v i t y  = C atoms i n  a l c o h o l  i 
t o t a l  C atoms i n  a l c o h o l s  loo% 

I 
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A c h a i n  growth scheme f o r  t h e  s y n t h e s i s  o f  a l c o h o l s  from carbon 

monoxide and hydrogen is proposed. The scheme d e s c r i b e s  t h e  a l c o h o l  

Product  d i s t r i b u t i o n ,  assuming one or  two carbon a d d i t i o n  a t  t h e  4- o r  

I j -carbon atom of  t h e  growing a l c o h o l .  Es t imates  of t h e  d i s t r i b u t i o n  

Parameters  were obta ined  from s e l e c t i v i t i e s  measured f o r  a r a n g e  o f  

o p e r a t i n g  c o n d i t i o n s  on a C u / Z n O  c a t a l y s t  promoted with 0.5% K2C03. 

T y p i c a l  d a t a  showing t h e  v a l u e s  o f  growth parameters  and t h e  comparison 

o f  observed and p r e d i c t e d  a l c o h o l  y i e l d s  a r e  given i n  Table  2. The 

..(-addition i s  a slow s t e p  wi th  a l a r g e  a c t i v a t i o n  e n e r g y  (140 kJ /mol)  

w h i l e / $ - a d d i t i o n  is  f a s t e r  and h a s  a s m a l l e r  a c t i v a t i o n  energy  (66 

kJ /mol) .  Large methanol s e l e c t i v i t i e s  r e s u l t  from t h e  slow i n i t i a l  

. ; j -addi t ion,  and l a r g e  2-methyl-1-propanol s e l e c t i v i t i e s  f romny-addi t ion 

be ing  t h e  o n l y  growth s t e p  o f  t h e  2-methyl-1-propanol i n t e r m e d i a t e .  The 

r a t e  of  cha in  growth is approximate ly  p r o p o r t i o n a l  t o  t h e  CO p a r t i a l  

p r e s s u r e  and t h e  r a t e  o f  c h a i n  t e r m i n a t i o n  p r o p o r t i o n a l  t o  t h e  H2 

p a r t i a l  p ressure .  Addit ion of a l c o h o l s  t o  t h e  s y n t h e s i s  g a s  r e s u l t e d  i n  

s i g n i f i c a n t  i n c r e a s e s  i n  t h e  y i e l d s  o f  some o f  t h e  a l c o h o l s ,  c o n s i s t e n t  

wi th  t h e  cha in  growth scheme. 

Two papers  have been publ i shed  on t h i s  work, Can. J .  Chem. Eng.,  

61, 40 (1983) and J .  C a t a l . ,  E, 428 (1984) .  

271 



4 

Table  2: P r e d i c t e d  and Measured Product  D i s t r i b u t i o n s  

P r e s s u r e  10.4 MPa Temperature 285OC 

Feed H ~ / C O  0.49 0.93 2.01 

Space V e l o c i t y  (h-' ) 2900 8200 32000 

Conversion X 
(H2+CO) 39 41 23 

co 28 34 27 

( 1 )  A 1  coho1 s 

methanol 

e t h a n o l  

2-propanol  

1-propanol 

1 -bu tanol  

2-butanol  

2-methyl-1 - 
p e n t a n o l s  

measured p r e d i c t e d  measured p r e d i c t e d  measured predic ted  

0.6177 0.6313 

0.0536 0.0575 

0.0046 0.0040 

0.0643 0.0574 

0.0224 0.0077 

0.0111 0.0065 

propanol  0.1484 0.1519 

0.0780 0.0838 

Est imated growth scheme parameters :  

0.8530 

0.0505 

0.0022 

0.0378 

0.0062 

0.0043 

0.0402 

0.0059 

0.8572 

0.0512 

0.0022 

0.0357 

0.0007 

0.0029 

0.0414 

0.0086 

Rate  c o n s t a n t s  : 

U 0.136 0.056 

8 1.986 0.870 

Y 0.170 0.013 

P r o b a b i l i t i e s :  

h 

k 
e 

0.136 0.056 

0.665 0.465 

0.057 0.007 

(1 )  selectivity = C atoms i n  a l c o h o l  i 
t o t a l  C atoms i n  a l c o h o l s  

272 

0.9610 0.9649 

0.0227 0.0227 

0.0021 0.0003 

0.0076 0.0071 

0.0027 0.0008 

0.0027 0.0004 

0.0012 0.0024 

0 0.00'15 

0.015 

0.254 

0.022 

0.015 

0.203 

0.018 
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DIRECT SYNTHESIS OF 2-METHYL-1-PROPANOL 

K. Klicr, R. G .  Herman, and C. W. Young 

Department of Chemistry and Center for Surface 
and Coatings Research, Lehigh University, Bethlehem, PA 18015 

INTRODUCTION 

The hydrogenation of carbon monoxide to aliphatic alcohols follows the general 
equations 

I 
2nH2 + nCO --LC,H~~+~OH + (n-1)H20 1) 

and 

I 

(n+l)H2 + (2n-1)CO -.+ CnH2n+10H + (n-1)C02 2) 

The isomer distributi0n.h the CnHZn LOH involves linear primary, branched primary, 
or branched secondary alcohols depenhng on the catalysts used. 
that linear alcohols are co-products of hydrocarbon synthesis over Group VI11 
metals, primarily iron (l), while both linear and branched alcohols are products 
of CO hydrogenation over methanol synthesis catalysts modified with alkali promo- 
ters (2). It is this second class of catalysts that has been shown to produce 
2-methyl-1-propanol in relatively high yields. The conditions utilized in the 
early work (3-7) were rather severe, however, exemplified by the pressure range 
300-400 atm and temperatures above 400°C. 
promoted oxides of zinc and manganese with structural promoters such as chromia or 
alumina. Only recently Smith and Anderson (8) have demonstrated that the low pres- 
sure copper-zinc oxide-alumina methanol synthesis catalysts could be promoted by 
potassium carbonate to enhance the yields of higher alcohols, optimized the K2CO3 
concentration, and developed a mathematical model for the chain growth that accoun- 
ted for high degree of branching. The synthesis was carried out at temperatures 
below 300°C and pressures 100 - 130 atm over the K2C03/Cu/ZnO/A1203 catalysts. 
Further study of alkali and alkaline earth promoted copper-based catalysts demon- 
strated that alkali hydroxide promotion enhances higher alcohol yields at pressures 
as low as 75 atm in the temperature range 250-310°C ( 9 ) .  Cesium was found to be 
the most effective promoter and its surface concentration optimized 5n the binary 
CuIZnO catalysts. 

tions on the yields of higher alcohols, particularly 2-methyl-1-propanol (isobuta- 
nol), over the Cs/Cu/ZnO = 0.4/30/70 catalyst ( 9 ) .  High selectivities f o r  direct 
synthesis of isobutanol are demonstrated herein. 

It is well known 

The catalysts were in general alkali- 

In the present work we report an investigation of the effect of reaction condi- 

RESULTS AND DISCUSSION 

The selectivity patterns have been studied at 75 atm, temperature range 288- 

The catalyst preparation was that of ref. 9 with the cesium compound 
325'c, H IC0 = 0.45, and contact time range 1-5 sec in an apparatus described ear- 
lier (107. 
being csOH. 
hols, esters, ketones, and aldehydes. 

conditions used. These results can be summarized as follows: 

The products of the synthesis were, in the order of abundance, alco- 

Figures 1-4 and Tables 1-2 describe the product composition under various 

1 
i.' 

273 



1. The g e n e r a l  Smith-Anderson p a t t e r n  f o r  a l c o h o l s  (8) i s  confirmed. However, 
secondary a l c o h o l s  are ve ry  minor 
This  i s  a r e s u l t  t h a t  d i f f e r s  from a l l  p rev ious  r e p o r t s  (2 -8)  and is i n t e r -  
p re t ed  as due t o  the  absence of an  a c i d  component i n  t h e  Cs/Cu/ZnO c a t a l y s t .  

2 .  The s e l e c t i v i t y  t o  i s o b u t a n o l  i n c r e a s e s  wi th  i n c r e a s i n g  temperature  and 
c o n t a c t  t i m e .  

3. E s t e r s  a r e  minor p roduc t s  w i th  methyl e s t e r s  of C1-C3 ca rboxy l i c  a c i d s  
dominating. 
t u r e  and goes through a maximum w i t h  i n c r e a s i n g  c o n t a c t  t ime.  Th i s  i s  
c o n s i s t e n t  w i t h  t h e  a b i l i t y  of t h e  CsICulZnO c a t a l y s t  t o  hydrogenate  e s t e r s  / 

t o  t h e  corresponding a l c o h o l s  (11) .  

p roduc t s  over  t h e  Cs/Cu/ZnO c a t a l y s t .  

The s e l e c t i v i t y  t o  e s t e r s  d e c r e a s e s  wi th  i n c r e a s i n g  tempera- 

The mechanism of t h e  a l c o h o l  and ester forming r e a c t i o n s  has  been d i scussed  
elsewhere (9 ) .  We p o i n t  o u t  t h a t  t h e  s e l e c t i v i t y  p a t t e r n  i s  such t h a t  t h e  forma- 
t i o n  of i s o b u t a n o l  c a n  be maximized and t h a t  of e s t e r s  Suppressed by t h e  choice of 
cond i t ions  and of r e c y c l i n g  schemes. The u t i l i t y  of i s o b u t a n o l  r e s t s  i n  its high 
energy d e n s i t y  compared t o  methanol ,  i n  i t s  h igh  o c t a n e  number (12 ) ,  and i n  i t s  
being a convenient  s o u r c e  of i sobu tene  v i a  c a t a l y t i c  dehydrat ion.  

ACKNOWLEDGEMENT 

This work was p a r t i a l l y  supported by DOE - SERI Con t rac t  DE-AC02-80CS83001. 

REFERENCES 

(1) H. H. S t o r c h ,  N.  Golumbic, and R. B.  Anderson, "The Fischer-Tropsch and Related 

(2) G.  Natta, U. Colombo, and I. Pasquon, i n :  "Ca ta lys i s "  (ed.  P. H.  Emmett) Volume 

(3) P .  K. F r o l i c h  and D.  S. CKydeK, Ind .  Eng. Chem. 2, 1051 (1930). 
(4) G.  D .  Graves,  Inc .  Eng. Chem. 3, 1381 (1931).  
(5) G .  T. Morgan, D. V. N. Hardy, and R .  H .  P r o c t e r ,  J. SOC. Chem. Ind.  Trans.  

(6) R .  Taylor ,  J. Chem. SOC. (London), 1429 (1934).  
(7) G .  Nat ta  and R. Rigamonti ,  Chimica e i n d u s t r i a  g, 623 (1936).  

(9) G .  A .  Vedage, P .  Himelfarb,  G. W .  Simmons, and K. Kl ie r ,  P r e p r i n t s ,  ACS Div i s ion  

Syntheses",  John Wiley & Sons, 1951, N . Y .  

V,  Chapter 3, Reinhold Pub l i sh ing  Corp.,  N . Y .  1957. 

Corn. 51, 1T (1932).  

(8) K. Smith and R. B. Anderson, Canad. J. Chem. Eng. 61, 40  (1983).  f 

of Petroleum Chemistry,  Washington, DC 1983, Vol. 2, No. 5 ,  pp. 1261-1271. 

(1982) .  
(10) K. K l i e r ,  V. Cha t ikavan i j ,  R. G. Herman, and G.  W .  Simmons, J. C a t a l .  76, 343 

(11) G. Vedage, Thes i s ,  Lehigh U n i v e r s i t y ,  1984. 
(12)  F. W. Cox, "Phys ica l  P r o p e r t i e s  of Gasol ineIAlcohol  Blends",  DOE Report  BETC/ 

RI-7914, September 1979. 

274 



'I 

\ 

Table I 

Product distribution over Cu/ZnO = 30/70 catalysts with varying 
concentrations of cesium salts at 288'C, 75 atm, Hz/CO = 0.45 
Total flow rate = 8 l/hr Yield in gmlkg cat/hr, 

Selectivity in carbon atom percent 

co 

c02 

H20 

CH4 

'2"6 
CH30H 

HCOOCH) 

CZH50H 

C H C 0 0 C H 

C3H70H 

( C H 3 ) 2 ~ ~ ~ ~ 2 ~ ~  

C4HgOH 

C2H5COOCH3 

CH3COOC2H5 

CU conversion 

Yield Selec- 
tivity 

l136.65 - 
124.38 - 

- - 

3.93 2.06 

1.90 1.06 

283.73 74.31 

6.16 1.72 

20.83 7.59 

11.13 3.78 

12.11 5.07 

5.33 2.41 

3.67 1.66 

0.55 0.21 

0.30 0.12 

14.11 

CsOH/Cu/ZnO 
(0.4/30/70) 

Yield Selec- 
tivi ty 

1757.35 - 
96.17 - 
- - 

3.46 1.54 

0.54 0.26 
322.11 71.88 

7.94 1.89 

17.90 5.56 

8.04 2.33 

24.29 8.67 

14.82 5.72 

5.59 2.16 

17.54 

CsOH/Cu/ZnO 
(0.8/30/70) 

Yield Selec- 
tivity 

Z110.69 - 
78.83 - 
- - 

3.89 1.92 

0.37 0.19 

318.66 78.86 

8.74 2.31 

12.92 4.45 

4.45 1.43 

14.95 5.92 

9.01 3.86 
2.47 1.06 

- - 
14.27 

CsOOCH/Cu/ZnO 
(0.4/30/70) 

Yield Selec- 
tivity 

2015.85 - 
97.67 - 
0.32 - 
3.47 1.72 

0.57 0.30  

303.58 75.31 

8.04 2.13 

15.01 5.18 

6.68 2.15 

17.55 6.97 

12.11 5.20 

2.44 1.05 

- - 

14.89 
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I I 1 I 

C s O H / C u / Z n 0 = 0 . 4 / 3 0 / 7 0  

3501 \ a t  288OC, 75 a t m  

I 
I 

301 

H 2 / C O = 0 . 4 5  

MeOH 

- 2-Me-PrOl- 

PrOl- 

'"I ' 
C o n t a c t  T i m e  ( s e c )  

Figure 1. The contact time dependence of alcohol 
yields at 75 atm, 288'C, H2/CO = 0.45 
over the CsOH /Cu/ZnO = 0 . 4 / 3 0 / 7 0  
catalyst. 
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I I I I I 

C s O H / C u / Z n 0 = 0 . 4 / 3 0 / 7 0  t a t  3 2 5 O C , 7 5  a t m ,  

1.0 2.0 3.0 4 .0  5.0 6. 
C o n t a c t  T i m e ( s e c 1  

0 

Figure 2. The contact time dependence of alcohol 
yields at 75 atm, 325'C, H2/C0 = 0.45 
over the CsOH/Cu/ZnO = 0 . 4 / 3 0 / 7 0  
catalyst. 
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F l o w  r a t e = 3  I / h r  
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T e m p e r a t u r e  ( X  , OK-' 

Figure 3 .  The temperature dependence of a lcohol  
y i e l d s  a t  75 atm, H2/CO = 0.45 a t  
GHSV = 1200 over the  CsOH ./Cu/ZnO = 
0 . 4 / 3 0 / 7 0  c a t a l y s t .  
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I I I 1 I 

C s O H / C u / Z n 0 = 0 . 4 / 3 0 / 7 0  ' I  
a t  7 5  a t m ,  P o n r n t  
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Figure 4 .  Selectivity to 2-methyl-1-propanol 
expressed as the ratio of yields of 
2-methyl-1-propanol and methanol at 
75 atm, H2/CO = 0 .45 ,  as a function of 
contact time and temperature. 
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